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Abstract 
The aim of this project was to enhance our knowledge of how nitrogen is transported 
and utilised within Brassica napus through the use of proteomics, phenotyping and 
genetic mapping. It highlights the importance of looking at all possible plant tissues 
to determine the mechanisms underlying seven macronutrients (N, P, Mg, Ca, S and 
Na) and five micronutrients (B, Cu, Fe, Mn and Zn) accumulation, since differences 
were observed between different tissues. Significant amount of mineral elements were 
found to remain in both the stem and roots at harvest, which in turn, highlights the 
inefficient mechanisms applied by some plants in the way they redistribute and utilise 
minerals such as N, P, K and S. Large genotypic differences in minerals concentration 
was found between different accessions of B. napus, ranging from 1.48-fold for Ca in 
the bottom of the stem to 20-fold for Na in top of the stem at maturity. Genotypes were 
identified that differed significantly from one another in relation to mineral 
concentration in the stem and root at harvest or in both. Differences were observed in 
the parents of the TN mapping population allowing a QTL approach to be adopted. 
Complex network of relationships between minerals were observed within and 
between tissues, and found to be dependent on the tissue and the growth stage. The 
strongest significant positive correlations (0.91 > r >0.71) were between Ca/P, S/Ca 
and N/Ca in taproot, Ca/Mg in stem, and Mg/P and N/S in seed. 
 
A significant source of N is that stored within proteins. Several proteins were shown 
to be accumulated significantly in the top part of the plants especially in the senescing 
silique walls and the stem adjacent to them. Putative vegetative storage proteins, 
VSPs, were identified in these tissues and we have suggested that these could be 
associated with N remobilisation. Development of a screening methodology based on 
these proteins through which quantitative analysis could be performed on a proteomic 
based experiment has been successfully developed which will allow the identification 
of QTLs associated with the N remobilisation and utilisation in plants. 
 
These finding could assist plant breeders in developing varieties with enhanced 
mineral utilisation efficiency. Such developments will eventually lead to significant 
benefits both economically and socially worldwide as they should lead to increased 
abilities to enhance crop yields of oilseed rape while lowering the fertiliser 
requirements. 
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1.1 Oilseed rape (Brassica napus L.) 
Oilseed rape (OSR, Brassica napus L), also referred to as rapeseed, rape or canola, is 
an important crop in the Brassicaceae family (formally the Cruciferae family) it is 
considered a major source of both oil and fat for human nutrition. The meal remaining 
after oil extraction is also a valuable source of nutrients essential for animal feed. More 
than 173 million tons (Mt) of vegetable oil was produced worldwide in 2014, of which 
approximately 15 % was credited as rapeseed oil (FAOSTAT, 2017). 
1.1.1 B. napus origin 
Throughout the globe, four Brassica species are widely grown as oilseed crops. These 
include (1) Brassica napus (Swede rape), (2) Brassica juncea (Indian mustard), (3) 
Brassica carinata (Ethiopian mustard) and (4) Brassica rapa (Turnip rape). Three of 
these species are the result of hybridisations between the diploid species of Brassica 
rapa (A, n=10), Brassica nigra (B, n=8) and Brassica oleracea (C, n=9) (summarised 
in Figure 1.1). The resulting hybrids are amphidiploids and are  Brassica juncea (AB, 
n=18), Brassica napus (AC, n=19) and Brassica carinata (BC, n=17) (Bunting, 1984; 
Downey and Rimmer, 1993). All these species are grown specifically for oilseed in 
different regions, they are then grouped using the terminology of oilseed rape or 
rapeseed. 
Brassica juncea is widely cultivated in India and some regions of China. Brassica 
carinata is cultivated in North East of Africa. The winter varieties of Brassica napus 
are the most commonly cultivated oilseed crop in both Europe and China. 
Interestingly, cultivation of the summer varieties of B.rapa is limited to cooler 
climates such as Canada and northern regions of Europe. In contrast, the spring 
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varieties of B. napus are cultivated in both cold and warm climates. Specifically, 
spring oilseed rape is grown in Canada where the growing season is restricted to the 
summer due to the severe cold during the winter, whereas spring oilseed rape is grown 
in the milder winter season in Australia because the summer is too hot and dry.  
 
Figure 1.1 Genetic relationship between four Brassica species. 
Brassica napus is an amphidiploid (AC, n =19) derived from the cross 
between Brassica rapa and oleracea. 
 
1.1.2 Oilseed rape production area 
The global area of OSR has increased from approximately 10 million hectares (Mha) 
in the 1960s to more than 35 Mha in 2014. Of the total production area worldwide 
22.6 % was grown in Canada in 2014, followed by India 20 %, China 18.3 %, Australia 
7.6 %, France 4.2 %, Germany 4 %, Poland 2.7 %, UK 1.9 % and USA 1.8 %, Table 
1.1. 
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Table 1.1 Global production area of OSR during last two decades (ten 
thousands hectares). 
 1980 1985 1990 1995 2000 2005 2010 2014 
World 1099 1472 1761 2382 2584 2769 3223 3576 
Canada 208 278 253 527 486 518 685 807 
India 347 399 497 606 603 732 558 720 
China 284 449 550 691 749 728 737 655 
Australia 2 7 7 38 146 97 170 272 
France 39 47 68 86 119 123 146 150 
Germany 26 41 72 97 108 134 146 139 
Poland 32 47 50 61 44 55 95 95 
UK 9 30 39 44 40 59 64 68 
USA 0 0 3 17 61 45 58 63 
(FAOSTAT, 2017) 
1.1.3 Oilseed rape yield trends 
OSR yield is calculated on the weight of the seed at a standardised 90 g/kg (9 %) 
moisture content. The yield of OSR seeds varies considerably throughout the world. 
Since the year 2000, the average yield of OSR has been around 3 tonnes/hectares (t/ha) 
in the United Kingdom (Figure 1.2), France and Germany, 2.4 t/ha in Poland, and 
between 1.0 - 1.6 t/ha in Australia, Canada, India and China. The average yield 
increase per year has been relatively constant since the middle of sixties in countries 
such as China, India, Canada and Germany, with reported average annual increases in 
yield of 30, 15, 14 and 39 kg/ha respectively.  
On the other hand, until the middle of 1980s countries such as Australia, UK, France, 
and Poland demonstrated an average annual increase in yield between 28 to 65 kg/ha. 
However, after 1985 there has been no significant increase in yield in these countries. 
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Figure 1.2 OSR yield trends in the UK. 
Graph illustrates the steady incline in OSR yield observed over the last two 
decades (FAOSTAT, 2017).  
  
Figure 1.2 shows that rapeseed yield in the UK has remained constant at 3-3.5 t/ha in 
recent years. However, the potential yield of rapeseed in the UK could be 6.5 t/ha , 
through production of ca. 130,000 seeds/m2 and extending the seed filling to last for a 
period of 46 days (Berry and Spink, 2006). This lack of increase in the yield of OSR 
could be due to 1) lack of genetic improvement; 2) the potential yield has reached its 
limit and 3) alternations in crop management. The first two points are unlikely to be a 
contributing factor for the halt in OSR yield in the UK due to the introduction of new 
varieties of oilseed rape each year. The measured yield potential of the best varieties 
reported in the recent AHDB OSR Recommended List trial yields for the years 2013-
2017 range from 4.6 - 6 t/ha (AHDB, 2017). When cultivated under optimum growing 
conditions, they caused a yearly increase of 62 kg/ha between the end of the 1970s to 
2005. Rather, a combination of varying crop management practices has been attributed 
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to the stable OSR yield. These practices include 1) shorter rotations (faster rotations 
for more profitable outcome), 2) minimal cultivation (opposed to ploughing), 3) less 
sulphur and nitrogen fertiliser and 4) reduced fungicide application. Prior to 1970, the 
majority of plants received an adequate amount of sulphur dioxide (SO2) from the 
environment. However, due to restrictions on highly reactive gaseous emissions, the 
emission of sulphur oxides was reported by the European Environment Agency (EEA) 
to decrease by ca. 74 % between the years 1990 to 2011 (EEA, 2016). Brassica crops 
require a minimum of ca. 30 kg of sulphur/ha for efficient plant metabolism, in part 
due to the requirement of the sulphur-containing glucosinolate compounds produced 
by brassicas. Despite the large decrease of sulphur, farmers appear slow to supplement 
their crops with the appropriate quantity of S fertiliser.  
1.1.4 Importance of OSR crop 
Approximately 85 % of the harvested seeds of OSR are subjected to oil extraction 
process which yields 40 – 45 % oil, rendering it an important cultivated crop in the 
UK. Rapeseed oil is rich source of unsaturated fatty acids of which oleic acid compose 
the majority with approximately 60 %, only olive oil having a greater proportion with 
about 73 %. After oil extraction, the remainder of the product, known as meal, contains 
high content of protein up to 32 – 40 %. Once subject to heat treatment to remove toxic 
components such as glucosinolates, this secondary product can be used as animal feed. 
A further 10 % of the oilseed rape yield is exported and the remaining yield (5 %) is 
used for other uses such as production of biodiesel (Twining and Clarke, 2009; 
Weightman et al., 2010). The total production of rapeseed oil in 2014 worldwide is 
ca. 26 Mt and in Europe is ca. 10.8 Mt,  which makes it the third most important source 
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of vegetable oil worldwide after oil palm (57.3 Mt) and soybean (45.7 Mt) and the 
second in Europe behind sunflower (12.1 Mt) (FAOSTAT, 2017). 
In the UK, oilseed rape is grown as a valuable break crop within the cereal crop 
rotation. Additionally, OSR is grown as a catch crop due to its ability to absorb N from 
the soil during Autumn and early Winter. It is readily able to decrease the leaching of 
nitrate from the arable crops. Moreover, important ecologically, oilseed crop provides 
a nesting place for birds and a considerable amount of early pollen for bees 
(Weightman et al., 2010). As with all higher plants, both the growth and production 
of OSR is dependent on the availability of several mineral elements. Therefore, a brief 
introduction to the essential elements and their available mineral forms that plants 
absorb from the soil solution is discussed below. 
1.2 Minerals acquisition, transport and assimilation 
Derived from both the air and water, plants uptake Carbon (C), Hydrogen (H2) and 
Oxygen (O2). However, to maintain their growth and complete their lifecycles, plants 
require an additional 14 essential mineral elements from the soil solution (Barker and 
Pilbeam, 2007; Kirkby, 2012). Depending on their relative concentrations in plant 
tissues, these minerals are categorised into two groups, macronutrients and 
micronutrients. Macronutrients are accumulated in relatively large quantities by plant 
tissues (up to 0.1% and more of the dried weight, DW) and include Nitrogen (N), 
Phosphorus (P), Potassium (K), Magnesium (Mg), Calcium (Ca) and Sulphur (S). In 
contrast, micronutrients, are absorbed at smaller concentrations in plant tissues (<0.01 
% of the DW) and include Copper (Cu), Manganese (Mn), Boron (B), Iron (Fe) and 
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Zinc (Zn). In addition, plants obtain beneficial, but non-essential elements such as 
Sodium (Na) (Barker and Pilbeam, 2007; White and Brown, 2010). 
Plant roots absorb P from the soil solution primarily in the form of dihydrogen 
phosphate (H2PO4
-) and secondarily in the form of hydrogen phosphate (HPO4
-2) 
(Sánchez-Calderón et al., 2010). S is primarily taken up in the form of sulphate (SO4
2) 
from the soil solution, but plants can also absorb sulphur dioxide (SO2) or hydrogen 
sulphide (H2S) from the atmosphere (Leustek et al., 2000). B is absorbed in the form 
of boric acid (H3BO3) from the soil solution (Miwa and Fujiwara, 2010); K, Mg, Ca, 
Mn and Na are taken up in the form of their ions K+, Mg2+, Ca2+, Mn2+ and Na+ from 
the soil solution (Barker and Pilbeam, 2007; Marschner, 2012b), while Cu, Fe and Zn 
are taken up either as their ions Cu2+, Fe2+/Fe3+ and Zn+2, or as chelates (Barker and 
Pilbeam, 2007; Broadley et al., 2007). Given the importance of P, K, S and N required 
for both plant growth and development, these primary mineral elements will be 
discussed in greater detail including nutrient uptake, distribution and assimilation 
within the plant. 
1.2.1 Phosphorus 
Phosphorus (P) is a major component of nucleic acids, phospholipids and adenosine 
triphosphate (ATP). Thereby, it is not surprising that after N, P is the second most 
important macronutrient for plant growth. During the vegetative growth of the plant, 
ca. 3 – 5 mg/g DW of P is required for optimum growth. P concentrations ≥ 10 mg/g 
DW can induce P plant toxicity (Lambers et al., 2010). 
Despite a high concentration of P in the soil, often it is present in unavailable forms 
for plant uptake. For example, approximately 20 – 80 % of P in the soil is present as 
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phytic acid (organic, unavailable form) (Richardson and Simpson, 2011). The 
remainder, Pi (inorganic, available form) is present which rarely exceeds 8 µM and 
can be significantly reduced (< 1 µM) in highly weathered, sandy and alkaline soils 
(Holford, 1997). Plants have developed efficient mechanisms to adequately regulate 
the concentration of P. Under reduced soil P concentrations, the plant initiates 
additional root growth and translocates stored P from older leaves and vacuoles. In 
contrast, when the concentration of P is too high, it is converted to phytic acid. The 
form of Pi can vary depending on the pH. At physiological pH of 7.2, it exists as the 
monovalent H2PO4
- anion, whereas lowering the pH generates HPO4
2- anions. Studies 
have shown that the greatest uptake of Pi occurred in the pH range of 5.0 – 6.0, 
suggesting H2PO4
2- is the most dominate form of Pi uptake (Furihata et al., 1992).  
The Pi concentration in the apoplast is ca. 2 µM, in contrast to the cytosol where it is 
present in the range of 5 – 17 mM (Mimura, 2001). Overcoming this large 
electrochemical gradient ensures the transport of phosphate anions from the soil into 
the root cells requires a high-affinity and energy driven transport mechanism. This 
mechanism is mediated by a variety of proteins affiliated to Pht1 family of plant 
phosphate transporters. These proteins usually consist of 520 – 550 amino acids and 
are approximately 60 kDa in size. Northern blot analysis studies have identified that 
the Pht1 genes are expressed in the roots (Nussaume et al., 2011). Additionally, to 
maintain the cytosolic concentration of Pi, Pi stored in the vacuoles (which can reach 
up to 120 mM) can aid in maintaining the Pi homeostasis within plants. Transport of 
Pi via internal plant components occurs via the tonoplast membrane. However, this 
molecular mechanism of internal Pi transport has yet to be elucidated. Phosphate acts 
as a structural scaffold in nucleic acids, linking the ribonucleoside bases forming 
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macromolecules. The acidic nature of both deoxyribonucleic acid (DNA) and 
ribonucleic acid (RNA) can be attributed to phosphorus. Essential for the growth of 
new cells and transferring genetic information from one cell to another, an adequate 
supply of P is necessary (Sánchez-Calderón et al., 2010; Hawkesford et al., 2012).  
1.2.2 Potassium 
For optimal plant growth, plants require a large quantity of potassium ca. 20 – 50 g/kg 
in vegetative tissues. Potassium, a univalent cation (K+), is the most prominent cation 
in the cytosol. The uptake of K+ is highly selective and its transport is mediated by 
integral membrane ion transporter channels (White, 2012b, a). Potassium possesses 
various roles within the plant, depending on its location. For example, it maintains the 
pH between 7 and 8 in both the cytosol and chloroplasts due to its high concentration 
(100 – 200 mM), rendering an optimum pH for enzyme reactions. The roles of K+ are 
influenced by its concentration. Abnormal influx or efflux of K+ can inhibit these roles 
and lead to metabolic disorders within the plant. For example, enzymes are often 
dependent on or stimulated by K+ (Suelter, 1970). For protein activation, the univalent 
cation induces a conformational change. This regularly occurs at a K+ salt 
concentration of ca. 100 - 150 mM, which is the optimum pH of protein hydration. 
Moreover, this agrees with the K+ concentration in the cytosol. Under temporary K-
deficiency the cytosolic [K+] is maintained whilst the vacuolar [K+] is decreased 
(Walker et al., 1996). However, plants subjected to prolonged K-deficiency; result in 
a decrease in the cytosolic [K+]. The consequences of which result in inhibition of 
cytosolic enzymes and fluctuating cytosolic pH (Hawkesford et al., 2012). Changes in 
enzyme activity directly affect the metabolite pattern, leading to increase in soluble 
carbohydrates, reduction in sugars and decrease in amino acids and pyruvate 
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(Armengaud et al., 2009). K+ is also a key component in activation of membrane-
attached proton-pumping ATPases (White, 2012b). For protein synthesis, higher 
concentrations of K+ are required in contrast to enzyme activation. It has been reported 
that K+ participates in numerous steps of the translation process (Hawkesford et al., 
2012). 
As already mentioned, the uptake and transport of K+ throughout the plant is mediated 
by high-affinity ion channels. The varying arrangement of genes results in transporters 
possessing different properties, such as functional, regulatory and tissue-specificity. 
The K+ ion channels (which are similar to Ca2+) are voltage-regulated and control the 
influx and efflux of K+. Additionally, these channels are influenced by the plant 
response to both biotic and abiotic stresses. In contrast to Ca2+, K+ behaves directly as 
solutes leading to changes in the osmotic and membrane potential (Lebaudy et al., 
2007).  
Additional important functions of K+, include its role in cell extension and 
osmoregulation. A large vacuole expanding to ca. 80 – 90 % of the total cell volume 
is formed during cell extension. Numerous factors are required for cell extension such 
as 1) loosening of the cell wall, 2) synthesis and deposit of new wall components and 
3) solute accumulation to generate appropriate osmotic potential for turgor pressure. 
K+ behaving as a solute is often attributed to cell extension in most plants. It acts by 
stabilising the pH in the cytoplasm and apoplast whilst increasing the osmotic potential 
in the vacuoles (Hawkesford et al., 2012) Potassium is also involved in the role of 
loading of sucrose and transport of photosynthates from source to sink in phloem 
transport (White, 2012a). During this process K+ maintains a high pH and contributes 
to the osmotic potential of the sieve tubes of the phloem. The role of K+ was 
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established by work performed by Cakmak et al. (1994) on both K-sufficient and K-
deficient plants.  
Thereby, the array of processes in which K+ is involved demonstrates it importance in 
plant metabolism. Inadequate K supply can influence the composition and nutritional 
benefits of plants and fruits. K deficiency can be easily observed by retarded plant 
growth.   
1.2.3 Sulphur  
Although atmospheric sulphur dioxide (SO2) can be absorbed and used by the aerial 
components of plants (Eichert and Fernández, 2012), sulphate is the most abundant 
form absorbed by the roots (White, 2012a). Sulphate is present as the divalent anion 
(SO4
2-) at physiological pH. Similar to N assimilation, SO4
2- assimilation requires 
reduction prior to S incorporation into amino acids, proteins and enzymes. However, 
SO4
2- can also be directly incorporated into organic structures such as sulpholipids 
(Hawkesford et al., 2012). 
The uptake of S from the soil into the root cells is mediated by high-affinity H+ cell 
transporters. Whereas, low affinity transporters are responsible for the transport of S 
across the plasma membrane, in the remobilisation and storage from the vacuoles 
across the tonoplast. Interestingly, the transport and reduction of S in chloroplasts has 
yet to be elucidated (Hawkesford and De Kok, 2006).  
The first step of S assimilation involves the activation of SO4
2- by the enzyme ATP 
sulphurylase. ATP sulphurylase catalyses the substitution of two phosphate groups of 
the ATP by the sulphuryl group. This generates adenosine phosphosulphate (APS) and 
pyrophosphate. APS then functions as a substrate for either the formation of sulphate 
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esters or sulphate reduction. In an ATP-dependent reaction, the enzyme APS kinase 
catalyses the formation of phosphoadenine phosphosulphate (PAPS). The resultant 
activated sulphate binds with a hydroxyl (OH) group, forming a sulphate ester (Saito, 
2004). 
Alternatively, for sulphate reduction the APS is reduced to sulphite (SO3
2-) mediated 
by two electrons from glutathione and the enzyme APS reductase. Then occurring 
primarily in the chloroplast, SO3
2- is reduced to sulphite (S2-) via six electrons from 
ferredoxin catalysed by the enzyme sulphite reductase. By the action of the enzyme 
O-acetylserine (thiol) lyase (OASTL), the formed sulphite is converted to O-
acetylserine (OAS) (Kopriva, 2006). The first product of SO4
2- assimilation is cysteine 
which then behaves as precursor for all subsequent organic compounds containing 
reduced S (Nikiforova et al., 2004). Sulphur is also present in the other amino acids 
methionine (Met), and thereby constituents of proteins, and in the antioxidant 
glutathione (GSH). Often it acts as a structural component (R1-C-S-C-R2) or functional 
group (R-SH) involved in metabolic processes. The uptake and assimilation of 
sulphate is regulated by 1) regulation of the sulphate transporters, 2) modulate the 
activity of enzyme responsible for SO4
2- reduction and 3) control the availability of 
APS as a substrate (Vauclare et al., 2002). 
Glucosinolates are a product of secondary metabolism and are relevant for agriculture 
as they play an important role in pest defence in brassicas. They are biologically 
inactive and stored in the vacuoles but when the cells are damaged, they are released 
and undergo hydrolysis mediated by the enzyme myrosinase. This results in the release 
of glucose, sulphate and biologically active volatile compounds (McCully et al., 
2008). In S-deficient plants, under S demands, the glucosinolates are converted by 
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myrosinase and re-introduced into the S assimilation pathway (Hawkesford et al., 
2012). 
Limited quantities of cysteine and methionine inhibit protein synthesis and decrease 
the concentration of chlorophyll in the leaves. The reduction in S amino acids 
possesses a direct implication on the nutritional quality of the resulting crop (Arora 
and Luchra, 1970; Hawkesford et al., 2012). Plants require between 0.1 – 0.5 % of the 
dry weight of sulphur for optimal growth. However, this requirement varies between 
crop plants, decreasing in the order of Cruiferae (11 – 17 g/kg), > Legumniosae (2.5 – 
3.0 g/kg), and > Gramineae (1.8 – 1.9 g/kg), with values depicting the concentration 
of S in their seeds (Hawkesford et al., 2012). 
1.2.4 Nitrogen 
Plants absorb N from the soil solution in mineral forms such as nitrate (NO3
-) and 
ammonium (NH4
+) which are reduced to form amino acids in the vegetative tissue 
(Hawkesford et al., 2012). In addition, plants can also absorb N in organic forms such 
as amino acids, peptides, proteins and urea (Miller and Cramer, 2004; Näsholm et al., 
2009). NO3
- and NH4
+ uptake into plant roots involves multi-affinity transporter 
systems (ATs) proteins such as the high-affinity (HATs) and low-affinity (LATs). At 
low external concentrations (< 0.5 mM) of NO3
- and NH4
+, the uptake operates by the 
HATs, whereas the LATs operate at higher concentration (> 0.5 mM) (Hawkesford et 
al., 2012). In fertilised soil, nitrate is present in excess (1 - 5 mM) compared to 
ammonium (20 – 200 µM). This excess can be attributed to the higher mobility of 
nitrate than ammonium, rendering it more available to plants as reported Miller and 
Cramer (2005). Several NO3
- and NH4
+ transporter proteins have been identified and 
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characterised, in particular, the genes belong to the NRT (nitrate transporter), AMT 
(ammonium transporter) and CLC (chloride channel) families. For example, two types 
NO3
- transporters belong to the NRT1 and NRT2 families has been identified to be 
involved in NO3
- acquisition by the plant root system. Transporters of the NRT1 family 
are LATs, except for NRT1.1 which possesses a dual affinity. There are 53 AtNRT1 
genes in A. thaliana, of which only AtNRT1.1 and AtNRT1.2 known to mediate NO3- 
transport into roots (Tsay et al., 2007). However, studies showed that these two genes 
expressed in different location in roots. AtNRT1.1 expressed primarily in the epidermal 
cells of the root tip and in the cortex and endodermis of the mature regions of roots 
(Huang et al., 1996), while AtNRT1.2 found to be primarily expressed only in root 
hairs and the epidermal cells of both young and more mature roots (Huang et al., 
1999). In comparison, there are only seven AtNRT2 genes belonging to the NRT2 
family which are considered as HATs, of which only two genes; AtNRT2.1 and 
AtNRT2.2 are involved in NO3
- transport into roots (Tsay et al., 2007). Following its 
uptake form the soil soliton into the root system, NO3
- will be then transported via 
different NRT members and located within different plant tissues. For example, 
NRT1.5 is located in the plasma membrane and encoded by the AtNRT1.5 gene in A. 
thaliana. This gene is expressed in the pericyclic cells of the root near the xylem which 
found to be mediating the long-distance NO3
- transport from the root to the shoot (Lin 
et al., 2008). 
Similar to the reduction and assimilation of CO2 in photosynthesis, the uptake and 
assimilation of N is tightly regulated. The NO3
- assimilation pathway is a multi-step 
reaction. It requires two key enzymes in order to assimilate NO3
- into organic 
compounds. Firstly, nitrate reductase (NR) a cytosolic enzyme catalyses the two- 
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electron reduction of NO3
- to nitrite (NO2
-). The resulting NO2
- is translocated to the 
chloroplast and via nitrite reductase (NiR), the second enzyme of the pathway, is 
reduced to ammonium (NH4
+) as shown in Figure 1.3.  
 
Figure 1.3 Nitrogen assimilation pathways in plants. 
The transport, storage, reduction and assimilation pathway(s) of both 
NO3
- and NH4
+. Both NO3
- and NH4
+ are facilitated by protein 
transporters (NRT2, NRT1 and AMT) to enter the cytosol of the cell to 
be stored in the vacuole or subject to reduction to be assimilated to 
amino acids. This figure is adopted from Daniel-Vedele et al. (2010). 
  
Interestingly, despite being present at lower concentration, NH4
+ is the preferred 
source of N in plants and its accumulation occurs at high rates. However, it is toxic at 
high concentrations meaning that the assimilation of NH4
+ needs to be performed 
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immediately upon absorption. For several years, ammonium assimilation was believed 
to be mediated by the enzyme glutamate dehydrogenase (GDH). However, additional 
studies have revealed that GDH also releases ammonium during senescence (Labboun 
et al., 2009).  
Regardless of NH4
+ being accumulated from nitrate reduction or directly absorbed 
from the soil, the assimilation is mediated by two enzymes. These include both 
glutamine synthetase (GS) and glutamine-oxoglutarate aminotransferase (GOGAT). 
The amino acid glutamate behaves as an acceptor for ammonium, generating 
glutamine. Predominately occurring in the plastids of plants, the second enzyme, 
GOGAT catalyses the transfer of the amide (-NH2) group from glutamine to 2-
oxoglutarate (a product from the tricarboxylic acid cycle). This forms two molecules 
of glutamate (Glass et al., 2002; Daniel-Vedele et al., 2010). One glutamate molecule 
maintains the ammonium assimilation cycle, whereas the second glutamate molecule 
is translocated from the assimilation site and used for the biosynthesis of proteins. An 
overview into the role and importance of N-base fertiliser within OSR plants as well 
as N uptake, remobilisation and use efficiency is provided. 
1.3 Nitrogen within OSR plants 
1.3.1 Importance of N fertiliser and its application time 
Nitrogen is an essential macronutrient for plant growth and development. Plants 
require a large amount of N to provide a typical vegetative growth. Being an essential 
constituent of amino and nucleic acids, plant hormones, chlorophyll and coenzymes 
(Hawkesford et al., 2012), N plays such an important role in plant metabolism. 
However, the limited natural availability of N in the soil leads to negative impacts on 
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plant metabolism and development (Epstein and Bloom, 2005) such as reduction in 
leaf area and plant content of chlorophyll. This inevitably reduces the rate of 
photosynthesis and the quantity of derived products thus reducing plant biomass as 
well as decreasing the oil and protein yield (Tegeder and Rentsch, 2010). It has well 
been documented in OSR crop that N availability is immensely associated with the 
increase in number of leaf per plant (Svečnjak and Rengel, 2006b), leaf area and 
chlorophyll content (Ogunlela et al., 1989), number of siliques per plant (Svečnjak 
and Rengel, 2006b) and seed yield (Rathke et al., 2005; Schulte auf‘m Erley et al., 
2011; Koeslin-Findeklee and Horst, 2016). Therefore to maximise OSR yield it is 
necessary to supply supplementary N in fertilisers. The Defra RB209 Fertiliser Manual 
(Defra, 2010) details the recommended application rates, depending on the residual 
soil Nitrogen supply levels. However, much of central UK is ecologically at risk of 
excess nitrate applications, especially with leaching into water supplies, and are 
covered by nitrate vulnerable zones (NVZs) to protect them. In NVZs the applications 
of N is governed by further restrictions, detailed in (Defra and EA, 2016). 
In order to achieve an optimum yield of 3 to 3.5 t/ha in the UK (Berry and Spink, 
2006), OSR plants require large amount of N fertiliser - more than 200 kg/ha is 
recommended (Weightman et al., 2010). Nonetheless, the determining factor relies on 
the timing of fertilisation to the soil (Gombert et al., 2010) so as to prevent wasting 
the fertiliser when plants capacity to acquire N is at a low level in order to improve N 
uptake efficiency. According to soil N availability, the main quantity of N-based 
fertiliser is applied in spring when plant growth increases rapidly until middle of 
flowering when most of the added N should be absorbed by plants. Given plants have 
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the capacity to absorb ca. 3 kg N/ha per day until flowering time, no single addition 
greater than 100 kg/ha is recommended (Berry et al., 2014). 
1.3.2 Nitrogen uptake 
N absorption by the root system is dependent on several factors such as soil moisture 
and thermal condition, root architecture and the volume of soil investigated by the 
roots, and the soil N availability and form which regulate the transporters activity of 
NO3
- and NH4
+ (Xu et al., 2012). A range of studies were performed to investigate the 
relationship between plant root growth and N absorption at different plant 
development and growth stages, focused on significance of the root length over root 
biomass to increase N uptake efficiency in OSR (Kamh et al., 2005; Schulte auf’m 
Erley et al., 2007; Berry et al., 2010a). However, due to the energetic cost of root 
growth, alternative approaches which strike a balance between N absorption activity 
and metabolic cost are more favourable. Increasing fine roots density, the abundance 
of aerenchyma tissue within the root cortex, and root-mycorrhiza association can be 
efficient strategies to increase N absorption efficiency (White et al., 2013; Lynch, 
2015). 
 As it has been described previously, plant absorption of NO3
- and NH4
+ into the roots 
is mediated by members of the transporter families. However, the rates of absorption 
differs according to the plant growth stage. In B. napus L.,  it has been shown that 
NO3
- uptake increases from the beginning of stem extension until the onset of 
flowering, whereas little uptake of NO3
- occurred during the pods filling stages 
(Rossato et al., 2001; Malagoli et al., 2004; Zhang et al., 2010; Ulas et al., 2013). 
nevertheless, as demonstrated by Malagoli et al. (2005a) N acquisition continued at a 
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high rate after the beginning of the seed development stage; GS 6.1 seeds expanding, 
particularly within highly N efficient genotypes at low level of N supply Horst et al. 
(2003).  
In the study of Berry et al. (2010b), it has been shown that the most critical time of N 
uptake in OSR life cycle is after plants flowering. Moreover, the proportion of N 
obtained at this stage is a major factor influencing the determination of the genotypic 
variation in seeds yield of OSR crop. In the same study, it was also reported that every 
new addition of one kg/ha of N during the flowering time contributed to an increase 
of 16 kg/ha in seeds yield. 
1.3.3 Nitrogen utilisation and remobilisation 
A considerable portion of the total leaves N (2 - 2.5 % of the dry weight) is returned 
to the soil with dead leaves dropped at different plant development stages, especially 
at a low degree of light intensity and temperature (Dejoux et al., 2000). Furthermore, 
it has been shown by Rossato et al. (2001) that 15 % of the total plant N is sent back 
to the soil by dead leaves dropped before the seed development stages, in contrast to 
26 % residual N in stem and root system at seed maturity. Hirel et al. (2007) also 
illustrated that a large portion (~ 40 %) of the total N absorbed during the vegetative 
growth is returned to the soil with falling leaves. Nevertheless, different studies have 
shown that the loss of N associated with stem and taproot at harvest is significantly 
larger than leaves (McGrath and Zhao, 1996; Ulas et al., 2013; Koeslin-Findeklee and 
Horst, 2016). For example, the quantity of N loss with stem at maturity was >2.5-fold 
than with leaves (Ulas et al., 2013). 
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Despite the high capacity of B. napus plants to obtain N from the soil, OSR cultivated 
in the field, as it is reported in many studies (Schjoerring et al., 1995; Rossato et al., 
2001; Chamorro et al., 2002; Zhang et al., 2010), has a very low level of N uptake in 
plants when calculated as the total plant N content divided by the applied amount of 
N. The quantity of N remobilised from the vegetative organs to the siliques does not 
exceed 45 to 67 % regardless of the added quantity of N to the plant through the soil. 
Under deficient N environment ( no added N), more than 56 % of the shoot N content 
is stored in the stem and the rest in leaves at the onset of flowering (Ulas et al., 2013). 
In contrast, approximately 30 – 40 % of the total N of the plant canopy was located in 
pod walls at the end of flowering stage (Schjoerring et al., 1995). The vegetative parts 
of plant (stem, taproot and leaves) are crucial components in supplying the N during 
seed development stages (Rossato et al., 2001; Malagoli et al., 2005a; Ulas et al., 
2013). As demonstrated by Malagoli et al. (2005a) and Gombert et al. (2010) over 70 
% of the total pods N recovered from the vegetative organs, of which 8 – 16 % is 
derived from taproot, 22 % from the flowerings parts, 34 – 47 % from stem, and 36 % 
from leaves. The greatest portion of N remobilised to seeds is obtained during the stem 
extension stage of plant growth (Zhang et al., 2010; Ulas et al., 2013). Berry et al. 
(2010b) demonstrated that the amount of N remobilised from stem ranged from 10 to 
42 kg N/ha (37 – 67 % of stem N) between plant flowering and seed maturity among 
10 genotypes at limited N availability, and significantly associated with N harvest 
index. Aforementioned, these studies indicate that inefficiency of OSR plants in 
remobilising N and there is room to exploit the natural variation to increase it. 
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1.3.4 Nitrogen Use Efficiency 
Nitrogen use efficiency is defined as dry mass produced/unit of available nitrogen 
absorbed from the soil (Hirose, 2011). N use efficiency can be further split into 
Nitrogen uptake efficiency and Nitrogen utilisation efficiency, relating to the 
efficiency of N absorbed and efficiency to convert absorbed N to yield, respectively. 
Despite the high capacity of B. napus plants to obtain N from the soil, particularly 
before flowering, OSR has an innate low N Use Efficiency (Sylvester-Bradley and 
Kindred, 2009; Sieling and Kage, 2010), of  less than 10 kg dry matter/kg N, compared 
to 69, 31, 27, 25 and 21 for sugar beet, triticale, winter oats,  winter wheat and malting 
spring barley, respectively (Sylvester-Bradley and Kindred, 2009). As previously 
reported this is primarily due to confluence of two factors; an inadequate efficiency of 
N remobilisation from the vegetative tissues to the siliques as previously described 
(Malagoli et al., 2005a; Gombert et al., 2006; Koeslin-Findeklee and Horst, 2016) as 
well as low N uptake, in particular, post-flowering N uptake (Berry et al., 2010b). 
Interestingly, several field studies under limiting N fertiliser conditions have reported 
on an increased association between N uptake efficiency and N use efficiency 
compared to N utilisation efficiency (Berry et al., 2010b; Schulte auf‘m Erley et al., 
2011; Kessel et al., 2012; Nyikako et al., 2014). 
Interestingly, despite the volume of work done to date in addressing N use efficiency 
in OSR, at present no OSR varieties have been released publicly with improved 
performance for this trait (Bouchet et al., 2014). Oilseed rape breeders develop new 
varieties to perform well on the AHDB Recommended List, the primary source of 
validated information from which growers select the varieties to use. However, the 
Recommended List trials are performed under standard high fertiliser input conditions, 
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which does not provide breeders with an incentive to develop varieties with improved 
N use efficiency. Furthermore, the same identical OSR genotypes may respond 
differently under low supply of N. Thereby, it is necessary to breed and test OSR 
varieties under low quantities of N to identity both the plant characteristics and traits 
which would best suit a limited N environment (Berry et al., 2010b; Schulte auf‘m 
Erley et al., 2011). In the study by Schulte auf‘m Erley et al. (2011), they investigated 
traits contributing to N Use Efficiency among 17 genotypes of B. napus under both 
low and high N availability. From their results, they concluded that N uptake was more 
important to plant seed yield with reduced N supply. While N utilisation trait was more 
important with increased N supply. In comparison, Nyikako et al. (2014) who 
investigated genetic variation in N uptake and utilisation efficiency among 56 
genotypes (54 segregating double haploid lines in addition to two parental cultivars) 
under field condition at contrasting N availability, reported that both N uptake and 
utilisation associated significantly with plant seed yield under limited N supply. 
Surprisingly, there was no association between N utilisation and seed yield at high N 
supply. It is possible now to utilise the large genetic differences in N use efficiency 
among numerous varieties of OSR that reported in several studies in different 
countries such as in the UK among 10 genotypes (Berry et al., 2010b), in Germany 
among 12 (Horst et al., 2003), 17 (Schulte auf‘m Erley et al., 2011), 36 (Kessel et al., 
2012) and 56 genotypes (Nyikako et al., 2014), in France among 10 genotypes 
(Girondé et al., 2015), in China among eight genotypes (Zhang et al., 2010; Lee et al., 
2015) and in Australia among 12 contrasting N efficient genotypes (Balint and Rengel, 
2008). Reducing N fertiliser while preserving high level of OSR seed yield , it would 
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certainly be of great importance for sustainable crop production and food security in 
the future (Bouchet et al., 2016). 
It has been reported that an increase in N Use Efficiency of 7.2 kg DS/kg N 
accompanied with a reduction in N fertiliser requirement of about 49 kg/ha might be 
achieved by breeders, this could be achieved through: I. Reduction of N concentration 
remaining in stem and pod wall at harvest by 0.4 %, II. Increasing the plant capacity 
to absorb N after flowering by 20 kg/ha, III. Increase the density of root length to 1 
cm/cm3 in the first 100 cm of the soil depth (Berry et al., 2010a). Using his simulation 
model on N dynamics in OSR plants grown in the field to improve N Use Efficiency, 
Malagoli et al. (2005b) showed that a possible improvement of 15 % in N content or 
harvested seed could be achieved by optimising the mechanism by which N mobilise 
from the vegetative tissues to the siliques during seed filling phases as well as reducing 
concentration of the remaining N in falling leaves. The benefit of increasing the value 
of N Use Efficiency is not limited to plant breeders but can impact the global economy, 
for example through a reduction in the emissions of greenhouse gas (GHG) as well as 
in the amount of nitrate leaching to the water body is also of great importance. 
1.3.5 Environmental impact of N fertilisers 
The total production of N fertiliser increased worldwide from 85.3 Mio t in 2002 to 
113.3 Mio t in 2014 (FAOSTAT, 2017). The use of N fertilisers can lead to a number 
of environmental problems. The first is that manufacture of N fertilisers initially makes 
use of the Haber-Bosch process to fix gaseous N2 to form ammonia. This process 
requires high temperatures and pressures and consumes a large amount of energy. 
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Actually, over 1 % of the energy produced in the world is used in this process (Smith, 
2002) which means that N fertiliser has a very high carbon footprint. 
Secondly, only about 60 % of the N fertiliser applied to OSR is taken up by the crop. 
The remainder can either leach into streams and rivers where it can cause 
eutrophication, hence the NVZs, or it is broken down by soil microorganisms to 
produce nitrous oxide (N2O) (Butterbach-Bahl et al., 2013). This is a potent 
greenhouse gas with a global warming potential of 298 times compared to CO2. It has 
been reported that GHG emissions averaged 1080 kg CO2 equivalent associated with 
a production of optimal yield (3.2 t/ha) of OSR under the standard OSR crop inputs in 
the UK, including fertilisers, seeds, pesticides and fuel (Weightman et al., 2010; Berry 
et al., 2011), N fertiliser is responsible for more than 79 % of these GHG emissions 
(Mahmuti et al., 2009). In total, N fertiliser application accounts for more than 50 % 
of the total energy use in crop production (Woods et al., 2010).  
1.3.6 Financial contribution of fertiliser 
Achieving a typical seed yield of 3.5 t/ha, OSR plants demand high requirements of 
the main nutrients, for example an average of 200 kg/h for N, 48 kg/ha for P, 80 kg/h 
for K and 30 kg/ha for S. Moreover, every increase of 0.5 t/h in yield up to 4.5 t/ha is 
accompanied with a further addition of 30, 7 and 6 kg/ha of N, P and K, respectively, 
as recommended in the Fertiliser Manual, RB209 (Defra, 2010). Needless to say, 
fertiliser application is the major financial and energy cost in OSR production which 
attributed to more than 66 % of the total variable cost in 2009 (Weightman et al., 
2010). The increase in fossilised fuel prices which is the primary feedstock during the 
N fixation process, further increases the N-base fertiliser cost. Thereby, efficient use 
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of fertiliser and in particular N, will undoubtedly increase the profitability of OSR. 
Aforementioned, enhancement of N Use Efficiency, is in important target for plant 
breeders (Berry et al., 2010b) as it can increase profitability of OSR production either 
through greater seed production or by a cost reduction of N-based fertiliser. Reducing 
the amount of N fertiliser input to OSR is cost-effective for famers and supported by 
environmental concerns.  
Since restrictions on cultivation of genetically modified crops have been applied in 
many countries in the world, exploring the natural genotypic variation is of great 
interest for plant breeders to improve minerals use efficiency. One of the main 
approaches to explore such natural variation in several crops is using Quantitative 
Trait Loci (QTL) analysis (Hawkesford et al., 2014). This analysis requires a 
segregating population obtained from the cross between two parental genotypes by 
which a genetic map is generated. Using this linkage map in addition to phenotypic 
traits can lead to the identification of genomic regions associated with these traits. 
Throughout this thesis, QTL analysis has been used to identify QTLs related to yield, 
yield related traits and proteomic traits that contribute to N storage and remobilisation. 
For this reason, a brief description to quantitative traits, mapping population and QTLs 
related to several traits in OSR is provided. 
1.4 Quantitative Trait Loci 
1.4.1 Introduction to Quantitative traits 
Numerous relevant agricultural characteristics such as grain yield, quality and disease 
resistance are regulated by multiple genes and referred to as quantitative traits. 
Quantitative Trait Loci (QTL) are defined as the regions in the genome comprised of 
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the genes associated with a specific quantitative trait. QTL determines positions of the 
DNA which are in close proximity to the gene of interest. The design of molecular 
markers in the 1980s enhanced the opportunity to identify and select for QTL (Collard 
et al., 2005). 
The function of molecular markers is to demonstrate genetic variances, known as 
polymorphisms, between organisms or species. These molecular markers occupy 
specific positions within the chromosome called “loci”. Markers closely located near 
the gene of interest are said to be linked to the gene and are often referred to as “gene 
tags”, while at larger distances from the target gene the markers are referred to as 
“signs or flags” (Collard et al., 2005). Different markers are available to use for QTL 
identification: 1) morphological, 2) enzymes and 3) molecular markers, and each 
marker is utilised to determine specific traits such as phenotypic, enzyme differences 
and variation sites in DNA, respectively. In plant genome studies an array of DNA 
markers are available, such as SNP (single-nucleotide polymorphism), RFLP 
(restriction fragment length polymorphism), AFLP (amplified fragment length 
polymorphism), and SSR (single sequence repeats) (Semagn et al., 2006; Collard and 
Mackill, 2008).  
Due to their abundance, DNA markers are widely used. Their use may be attributed to 
them being unaffected by environmental factors (compared to morphological and 
enzyme markers). There are three main laboratory applications for DNA markers to 
distinguish genetic differences between individuals of the same or different species, 
as classified by Gupta et al. (1999) These include 1) hybridisation-based (e.g. RFLP), 
2) polymerase chain reaction (e.g. AFLP, SSR) and 3) DNA-based sequence (SNP) 
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(Gupta et al., 1999). One of the primary application of these markers is to produce 
genetic mapping.  
1.4.2 Mapping population and linkage map 
A major use of molecular markers in agricultural studies has been in the assembly of 
linkage maps for segregating populations generated from crosses between two parent 
plants that have differing properties. These maps have been exploited to locate the 
chromosomal regions possessing genes which are responsible for the traits. Linkage 
maps illustrate the locus and relative genetic distances between the molecular markers 
along chromosomes. The construction of linkage maps and performing QTL-analysis 
to isolate genomic regions linked with traits is known as QTL-mapping (Mohan et al., 
1997). There are an array of benefits associated with QTL analysis including but not 
limited to 1) identification of traits affected by the environment e.g. salinity, nutrient 
availability and drought, 2) test trait associations, 3) determination of genes to clone 
(Salvi and Tuberosa, 2005).  
Rather than using recombinant inbred lines (RILs), which are time consuming to 
make, the use of doubled haploid (DH) line populations has become common for 
genetic analysis in brassicas. Through the induction of chromosome doubling, DH 
populations are grown by regenerated plants. This can be achieved either through 
anther culture or microspore culture. The latter technique offers reduced 
contamination between the pollen microspores and the diploid anther wall.  Being 
homozygous, DH populations can be multiplied and reproduced without any genetic 
variability. In plant studies, this is a great benefit rendering the possibility to replicate 
trials in both various locations and in different years. Another benefit of DH 
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populations is their short acquisition times to produce a functional population. DH 
populations are predominately used in mapping chromosomes and identification of 
genetic markers (Forster et al., 2007).  The mapping population used in the present 
study was produced from the F1 cross between two contrasting parental genotypes 
belonging to different geographical locations by microspore culture (Qiu et al., 2006). 
Tapidor DH, the female genotype, is a European winter variety which has a high 
requirement of vernalisation, a low seed content of erucic acid and glucosinolates (Qiu 
et al., 2006), and characterised as a B-inefficient cultivar (Liu et al., 2009a). In 
contrast, Ningyou 7, the male genotype, is a Chinese semi-winter variety with a low 
requirement of vernalisation, a high seed content of erucic acid and glucosinolates 
(Qiu et al., 2006), and is characterised as a B-efficient cultivar (Liu et al., 2009a). The 
population is thereby referred to as TNDH mapping population from which a total of 
202 DH segregating lines were produced in 2002. A linkage map of 19 linkage groups 
(LGs) was generated with an average interval of ca. 3.02 cM between adjacent 
markers. This mapping population has been initially used to identify QTLs associated 
with seed content of oil and erucic acid under field conditions (Qiu et al., 2006). 
Several mapping populations have been developed in B. napus and different plant 
species such as Arabidopsis thaliana, wheat (Triticum aestivum L.) and maize (Zea 
mays L.) to map several agronomic quantitative traits and identify the genomic region 
associated with them as the initial step to determine and characterise the related genes. 
1.4.3 QTLs for several traits in OSR 
QTL analysis using multiple segregation populations is a powerful approach for 
dissecting complex agronomical traits in plants. QTLs have been mapped for 
numerous traits in B. napus including yield and yield related traits, oil, erucic acid and 
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glucosinolates content, flowering time, abiotic stress, and resistance to diseases. 
However, a limited number have been mapped for mineral use efficiency. 
1.4.3.1 Seed yield and yield related traits 
Seed yield is very complex trait that is influenced by several yield components, 
mainly; seed and pod number per m2 , seed number per pod, number of branches per 
plant and individual seed weight (Berry and Spink, 2006). The seed yield and harvest 
index (seed dry matter/total plant dry matter) have been the primary target for plant 
breeders for years, as key steps for improved N use efficiency. However, these are 
limited to analysis at the end of the crop life cycle. As such they possess additional 
factors such as plant growth, abiotic and biotic stresses which contribute to the overall 
N use efficiency (Bouchet et al., 2016). Many QTLs for yield and yield related traits 
have been previously mapped in B. napus. Quijada et al. (2006) and Radoev et al. 
(2008) identified several genomic regions associated with seed yield and its 
component using DH populations and their testcrosses populations in Canada and 
Germany, respectively. In the study of Shi et al. (2009), they investigated QTLs 
associated with yield traits using the TNDH population and a reconstructed F2 
population grown in the field under 10 distinct environments in China. They found 85 
QTLs associated with seed yield which explained 2.2 – 33.5 % of the phenotypic 
variation of which four were major QTLs, 159 QTLs associated with seed weight of 
which four were major, 50 associated with pod number, 87 associated with plant height 
and 70 with branch number. However, a significant interaction between genotype and 
environment was observed. In the study by Zhou et al. (2014), they integrated 1960 
QTLs associated with 13 different yield and yield related traits which were previously 
identified in 15 distinct studies published between 1999 – 2012. 142 conserved QTLs 
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was found among these different segregating populations and environments, in 
addition 25 loci were characterised as multifunctional loci where each locus regulated 
at least two traits. Further comparative genomic analysis with A. thaliana identified 
80 brassica genes, underlying yield and yield related QTL these were homologous to 
61 genes of A. thaliana due to the triplicated nature of the brassica genome and B. 
napus’s  amphidiploid composition. 69 of these genes were determined to be localised 
on the A genome where the LG A07 carried the greatest number of genes of 11 in 
comparison with nine other LGs. 
1.4.3.2 Seed oil content and quality, and glucosinolates content 
OSR is cultivated primarily for its rich seed in oil content. The preference to develop 
genotypes with a very low erucic acid concentration and relatively low glucosinolates 
content, was for many years a major focus for plant breeders. Many studies have been 
involved in the identification of QTLs associated with oil content. Qiu et al. (2006) 
used the TNDH population under field conditions and detected a QTL on the LG A08 
at two distinct environments in China and two growing seasons. Delourme et al. 
(2006), used two DH populations field-grown in France. They detected five QTLs 
under different environments of which only one on the LG A03 was identified in both 
populations. Jiang et al. (2014), reported a great genotypic variation and identified 41 
QTLs in the TNDH population across 15 performed experiments. Other studies have 
identified genomic regions associated with different aspects that determine the oil 
quality. A novel QTL was detected for erucic acid content and localised 7 cM away 
from the most important erucic acid QTL (FAE1) on the LG A08 (Cao et al., 2010). 
131 genomic regions associated with three unsaturated (oleic, linoleic and linolenic 
acid) and three saturated fatty acids (palmitic, stearic and arachidic acid), of which 
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two QTLs on chromosome C3 were associated with all of these fatty acids (Javed et 
al., 2016). Several QTLs associated with seed glucosinolates content were also 
identified (Howell et al., 2003; Feng et al., 2012). In a recent study by  Huang et al. 
(2016), a QTL was identified, using RILs population derived from two contrasting 
parents.  The glucosinolates content determined by these loci (28 and 60 µmol/g), 
explained 47.71 % of the phenotypic variation localised on the chromosome A10. 
1.4.3.3 QTLs associated with flowering time 
Flowering time varies quantitatively among OSR genotypes. This variation is 
attributed to the complex regulation network of multiple genes controlling flowering 
time (Long et al., 2007). Therefore, understanding the genetic mechanisms which 
regulate plant flowering time is of great interest for plant breeders. Flowering time has 
been previously mapped in B. napus germplasm. A number of major QTLs were 
identified such as the loci on the LG C6 which explained 19.2 – 27.6 % (Delourme et 
al., 2006), and 26 – 52 % (Long et al., 2007) of the phenotypic variation.  A QTL 
(BnFLC10) localised on the LG A10 which was specific to non-vernalisation 
environments explaining 50 % of the phenotypic variation (Long et al., 2007). 
Similarly, the FRI gene in A. thaliana, the BnaA.FRI.a has been reported to play a key 
regulatory function in flowering time of OSR which inhibits floral transition through 
activation of BnFLC (Wang et al., 2011a). A major QTL for flowering time was found 
to be co-localised with QTLs for seed yield and plant height in a 7.2-cM region on the 
chromosome A02. Using comparative genomic analysis with A. thaliana, this locus 
was found to include two flowering time related genes, VIN3 and ZTL (Shi et al., 
2009). Likewise, in the study by Javed et al. (2016), QTL associated with flowering 
time was identified on the LG A02 near a vernalisation gene, accounting for 43.2 % 
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of the phenotypic variation. Recently, a major locus explaining 21.7 % of the 
flowering time variation has been detected on the LG C5 with two genes identified, 
light regulated LWD1 and flowering BHLH1 (ArifUzZaman et al., 2016).  
1.4.3.4 QTLs for N use efficiency 
Despite the significant effect of N fertilisation on OSR production and in contrast to 
the previously discussed agronomic traits, few studies have been performed for the 
identification of loci associated with N use efficiency and its related traits under 
contrasting N conditions in B. napus (Gül, 2003; Miro, 2010; Bouchet et al., 2014). 
Hence, little is known of the description and function of these identified genomic 
regions. Using the TNDH segregating population to map several N use efficiency and 
its related traits under low and adequate N environment over two growing seasons, 
Miro (2010) reported that 49 – 72 and 44 – 62 QTLs were detected under adequate 
and limiting N environment, respectively, with significant interactions between 
genotype and N environment were reported. For example, 10 QTLs for N uptake 
efficiency were only detected at low N environment and localised mostly on the LG 
A01, while 7 QTLs for N utilisation efficiency were only identified at high N 
availability and localised mostly on chromosome C7. 
Many QTLs have also been recently identified in the study of Bouchet et al. (2014) 
whom investigated  the genetic control of yield and its components under limited and 
adequate N availability. Moreover, these QTLs were highly stable among N conditions 
suggesting that no interaction between genotype and N condition occurred. In contrast, 
a significant interaction between genotype and growing season was reported. One of 
11 stable QTLs among both N conditions and growing seasons and localised on 
chromosome A05 was found to a strong candidate for marker assisted selection. 
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Likewise, Gül (2003) identified six to eight QTLs associated with yield components 
under contrasting N availability, respectively, with no interaction between genotype 
and N environment, contrary to that reported by Miro (2010). 
1.4.3.5 Other minerals composition and use efficiency 
Minerals acquisition, distribution, accumulation and utilisation are under the control 
of complex regulatory networks from the moment of absorption until the final 
metabolites are being utilised by the plant cells (Hawkesford et al., 2012). Thereby, 
QTL analysis offers a powerful strategy to unravel such complex traits. Liu et al. 
(2009a) unravelled the complexity of shoot composition of seven minerals with QTL 
analysis using the TNDH mapping population. 18 and 17 QTLs explaining 4.4 – 19 % 
of the phenotypic variation, were mapped using limited and adequate B supply 
respectively. Significant interaction between genotype and B environment, in addition 
to 74 epistatic QTLs were detected. A major QTL associated with P concentration was 
identified on the LG A01 under both B environments explaining 17.4 and 19 % of the 
trait variation, where the cultivar Ningyou 7 contributed to the allele accounted for 
increasing shoot P concentration. Additionally, some mineral QTLs were co-localised, 
for example, QTLs associated with Ca and Mg on LGs A03, A06 and C8, with P and 
B on LG A01 and with B and Cu on LG A04. In a different study that a RIL population 
was used to map QTLs associated with seven seed minerals composition, Ding et al. 
(2010), identified 35 and 45 QTLs under low and normal P supply, respectively, these 
accounted for 7.8 – 18.1 % of the traits variation.  Eight of these QTLs were found to 
be identified on the same chromosomes in comparison with the study performed by 
Liu et al. (2009a) in which a different mapping population was used. The top of the 
LG C6 was found to be an important locus responsible for controlling seed minerals 
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(Ca, Mg, P, Zn and Cu) concentration under adequate P supply. However, these QTLs 
were detected on different LGs under low N supply and only explained a small 
proportion of the trait variation. As such these results, could reflect the difficulty of 
increasing seed composition of minerals under limiting P environment. Using the 
comparative analysis with A. thaliana genome,  Liu et al. (2009a) and Ding et al. 
(2010) managed to map 26 and 21 orthologous genes involved in ion homeostasis in 
B. napus. These included, for example, different members of each of Mg transporter, 
P transporter, high-affinity Cu transporter, PAP, YSL, ZIP CAX and CCX family. A 
recent study used genome wide association to map shoot ionome of 30 day-old 
seedlings in a diversity set of 509 inbreds. They used an array of  6000 single 
nucleotide polymorphism (known as SNP), Bus et al. (2014) identified 29 significant 
loci for seven minerals concentration; Ca, Mg, S, Na, Cu, Mn and Zn, of which a locus 
associated with Cu, Mn and Zn concentration on the LG C3 was detected. 
Additionally, they identified a 540 kb locus with multiple associations related to Na 
concentration located on the LG A09 in the vicinity of the gene SOS1 which encode 
Na+/H+ antiporter that plays an important role in plant Na tolerance through regulating 
Na acquisition and efflux (Fraile-Escanciano et al., 2010). 
Using two different DH mapping populations, Zhao et al. (2012) mapped several 
QTLs for yield and yield related traits and B efficiency under contrasting B conditions. 
From which a major QTL was identified for both yield and B efficiency on the 
chromosome A02 mapped to the AtBE1-2 QTL in A. thaliana by comparative analysis. 
Further in silico analysis with B. rapa genome, determined that the genes Bra020592 
and Bra020595, function as small molecule transporters with potential for 
improvement B efficiency in B. napus. Yang et al. (2010) studied the genetic control 
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of the plant biomass, root morphology and P uptake using an F10 RIL population 
under contrasting P environments. 62 QTLs were mapped, of which 45 were clustered 
on only four LGs and integrated into eight unique QTLs by meta-analysis. Two unique 
significant QTLs were identified to be specific for root and P uptake traits under 
deficient P environment. Similarly, very significant QTLs associated with lateral root 
number and density were mapped on the LG A03, while QTL for primary root length 
were mapped on the LGs A07 and C6 under low P supply using the TNDH population 
(Shi et al., 2013a). These identified loci have potential to be attributed for the 
adaptability of B. napus to limited P availability. Recently, a major QTL associated 
for lateral root density was mapped on chromosome C9, accounting for 17.6 % of the 
phenotypic variation (Zhang et al., 2016b). It is believed that this QTL can play an 
important role in improving P uptake efficiency. 
1.4.4 QTLs for mineral use efficiency and its related traits in 
different plant species 
A vast number of genomic regions associated with mineral use efficiency traits in 
addition to several architecture, physiological, and yield related traits have been 
mapped in many plant species. In rice (Oriza sativa), a major QTL associated with P 
uptake 1 (Pup1) under P stress was identified and mapped to 150 kb on chromosome 
12 including 60 candidate genes (Wissuwa et al., 2002; Chin et al., 2011). 
Furthermore, using fine mapping, a minor QTL related to heading date (qHd1) which 
possessed pleiotropic effects on yield was mapped to a 95 kb region on chromosome 
1 which contained 10 annotated genes (Chen et al., 2014). Recently, using the specific 
locus amplified fragment sequencing (SLAF-seq) technology to detect polymorphic 
markers within two bulked DNA pools, both a major QTL and two minor QTLs 
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associated with rice grain length and weight were mapped to a 350 kb genomic region 
on chromosome 3. Interestingly, the lines that possessed two out of these three QTLs 
contributed from one parent which had a significantly greater grain weight (Xu et al., 
2015). 
Several studies involved in QTL identification in B. oleracea associated with shoot 
mineral composition. For Ca and Mg (Broadley et al., 2008) a 4 cM genomic region 
on chromosome C9 was found to be highly associated with Ca concentration.  
(Hammond et al., 2009) found significant QTLs for shoot P content and P use 
efficiency were mapped on the LGs C3 and C7. (White et al., 2010) identified a major 
QTL on chromosome C7 which mapped at 62.2 cM under glasshouse environment. 
Using comparative genomic analysis with A. thaliana, this QTL introgression was 
found to contain four genes assigned as K transporters. In a study by Li et al. (2015), 
clusters of QTL associated with N use efficiency and root architecture traits have been 
mapped in maize (Zea mays). Among them, 13 QTL clusters for N uptake efficiency 
and 12 for utilisation efficiency were found to be co-localised with QTL clusters 
associated with root architecture traits. Five of these QTL clusters had direct effects 
on both traits under low and high N conditions as a result from the performance of 
backcross population which can be very useful for marker assisted selection breeding 
to improve N use efficiency in Z. mays. Many segregating populations have been used 
to map various traits including mineral related traits in Arabidopsis. Hence, several 
QTLs have been identified to date. For example, QTLs were mapped for shoot N 
(Loudet et al., 2003b), shoot P  (Loudet et al., 2003a), shoot minerals; Ca, Mg, K, Zn, 
Fe and Cadmium (Cd) concentration (Willems et al., 2010). A major QTL related to 
both Zn and Cd tolerance were mapped and co-localised with HMA4, a member of 
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the heavy metal transporting ATPase family (Courbot et al., 2007; Willems et al., 
2007). QTLs were also mapped for seed minerals content Ca, Mg, K, Mn, Fe, Zn, P, 
S and Cu using RIL populations (Vreugdenhil et al., 2004; Waters and Grusak, 2008) 
wherein the strongest QTL was detected for P concentration on the top of the 
chromosome 3. Confirmation of gene function can be supported through protein 
analysis. Proteomics can also aid in the discovery of novel QTL.  
1.5 Proteomic traits regulated plant development 
Before its utilisation within the silique formation N is believed to be primarily stored 
in the vegetative organs in the form of proteins (Staswick, 1994),  from which it can 
be released by enzymatic degradation of the proteins and transported to the developing 
reproductive organs (Simpson, 1986; Masclaux-Daubresse et al., 2010). Therefore, 
many different proteomic traits can be mapped throughout the plant life cycle such as 
the vegetative storage proteins (VSPs) in addition to their regulations and functions, 
VSPs will be described in more detail in both B. napus and other plant species. 
1.5.1 Vegetative storage protein in B. napus 
Rossato et al. (2001) studied N storage and remobilisation in B.napus under controlled 
conditions they showed that a temporary accumulation of N occurred in the taproot of 
genotype Capitol plants during flowering through accumulation of a 23 kDa protein. 
This was primarily found to be accumulated in the vacuoles of the cortical root cells 
surrounding the phloem vessels (Rossato et al., 2002a). It was suggested that this 
protein could play a role as a vegetative storage protein (VSP) due to its complete 
hydrolysis during pod development. Furthermore, it was found that growing plants 
under low temperature, results in delayed flowering as well as a delay in the 
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accumulation and remobilisation of this putative VSP which supports its role of 
storage protein (Rossato et al., 2001). It was later found that this protein also behaves 
as a storage buffer of N mobilised from senescing leaves and its accumulation induced 
strongly by methyl jasmonate and abscisic acid (Rossato et al., 2002a). A couple of 
years later, Noquet et al. (2004) reported the accumulation of the 23 kDa protein in 
the taproot of the same variety under field condition. Furthermore, during their 
investigation into the impact of altering source/sink relationship on the accumulation 
of the 23 kDa,  Noquet et al. (2004) found that removal of the stem during the stem 
elongation stage prevented the accumulation of this protein in taproot. However, the 
accumulation of this protein was significantly increased in the taproot of deflowered 
and depodded plants. Little was known of the activity of such protein in B. napus. 
Several VSPs has been previously found in different plant species. However, their role 
and activity of many of them have been reported. 
1.5.2 VSPs in different plant species 
It has been previously found that various herbaceous (Staswick, 1994) and woody 
(Stepien et al., 1994) plant species possesses similar VSPs. These well-characterised 
VSPs include proteins of 27 (VSPα), 29 (VSPβ) and 94 kDa in leaves and pods of 
soybean (Glycine max L.) (Wittenbach, 1983; Staswick, 1990; Staswick, 1994), the 
29 and 30 kDa proteins known as AtVSP and AtVSP2, respectively, in A. thaliana 
(Berger et al., 1995), the 32, 19 and 15 kDa (Hendershot and Volenec, 1993; Meuriot 
et al., 2003) and the ~56 kDa (Gana et al., 1998) found in taproot of alfalfa (Medicago 
sativa L.), the 17.3 kDa detected in stolon and root of white clover (Trifolium repnes 
L.), the 26 kDa found in leafy spurge (Euphorbia esula L.) (Cyr and Bewley, 1990), 
the 32 kDa protein accumulated in the bark of poplar (Populus deltoids Bartr. ex 
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Marsh.) (Coleman et al., 1991) and the 22 kDa (LcVSP1) identified in the bark of 
lychee (Litchi chinensis) (Tian et al., 2007).  
As such, due to their multiple biological activities VSPs could contribute to numerous 
roles in different plant tissues. It has been demonstrated that the G. max VSPα and 
VSPβ in addition to the A. thaliana AtVSP and AtVSP2 possess acid phosphatase 
activity (DeWald et al., 1992; Berger et al., 1995), moreover, the AtVSP2 possessed a 
role in plant defence as an anti-insect (Liu et al., 2005). Furthermore, β-amylase 
activity was attributed to the 56 kDa VSP in M. sativa (Gana et al., 1998) and class III 
chitinase activity for the 32 kDa VSP through which plays a role in plant protection 
against pathogenesis (Avice et al., 2003). In comparison, the LcVSP1 in lychee (Tian 
et al., 2007) and  the 23 kDa VSP in Sapindus mukorassi (Liu et al., 2009b) possessed 
trypsin inhibition activity. The importance of such proteins as storage proteins can 
therefore sometimes be overlooked due to their involvement in multiple pathways. 
Throughout this thesis proteomic traits have been studied such as putative VSP and 
other proteins that can effect N remobilisation. In order to identify such observed 
proteins and to further quantify them, tandem mass spectrometry technique was 
applied. Therefore, an overview into mass spectrometry including the principles, 
ionisation methods, mass analyser, and protein identification and quantification 
workflow is provided. 
1.6 Mass Spectrometry in proteomic studies 
1.6.1 Development 
J.J Thompson assembled the first mass spectrometer in 1912 (Finehout and Lee, 
2004). Despite an array of spectrometers being developed soon after and some being 
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awarded the Nobel Prize (Chace, 2003) it was not until the late 1980s in which Mass 
Spectrometry (MS) became a powerful analytical tool. Determining the amino acid 
sequence of proteins provides a connection between cell physiology and genetics, as 
reported by Domon and Aebersold (2006). Refinements in the instrumentation such 
as improving the sensitivity, resolution and accuracy, led to the diversified uses of MS 
within the field of life sciences (Chace et al., 2002; Gygi et al., 2002; Mano and Goto, 
2003), that essentially replaced the Edman degradation method (Klemm, 1984). 
Moreover, the attraction to use MS to elucidate structural information of proteins was 
accelerated by the genome project (Cantor, 2000). The complete analysis of proteins 
within a tissue or cell, has been coined “Proteomics” (Anderson and Anderson, 1996; 
Wilkins et al., 1996). However, prior to discussing the use of MS in proteomics, the 
general concepts of MS will be outlined.  
1.6.2 Principles of Mass Spectrometry  
In general, the analyte (molecular ion, M+.) under investigation is subjected to an 
ionisation source. This in turn, fragments the molecular ion generating a series of 
product ions that are separated according to their mass-to-charge (m/z) ratio and 
plotted against their relative abundance. Thereby, a mass spectrum is a graphical 
display of ion abundance versus mass-to-charge ratio Figure 1.4 (Hoffmann and 
Stroobant, 2007a). MS can provide both qualitative (structural) and quantitative 
(concentration) of the investigated analyte (Domon and Aebersold, 2006; Cox and 
Mann, 2011). 
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Figure 1.4 Mass spectrum of methanol 
The most abundant peak (the base peak) with 31 m/z and relative 
abundance of 100 %. The other peaks abundance is proportional to the 
base peak. 
 
1.6.2.1 Ionisation methods 
Numerous ionisation methods are available in today’s spectrometers (Munson and 
Field, 1966; Young, 1989). However, Matrix-assisted laser desorption ionisation 
(MALDI) and Electrospray Ionisation (ESI) are the two most common “soft 
ionisation” methods that transformed MS (Portolés et al., 2011). The term “soft” 
relates to the reduced amount of fragmentation associated with these methods. 
MALDI, as the name refers involves the use of a matrix, typically an organic-based 
compound possessing 1) a wavelength equivalent to that of the laser pulse and 2) an 
acidic proton (Hillenkamp et al., 1991). Briefly, the analyte of interest is mixed with 
the matrix; this mixture is then dried on the MALDI target for a known period of time, 
after which the laser is powered generating the singly charged analyte ions (Liyanage 
and Lay, 2006; Hoffmann and Stroobant, 2007b). Although, the final result is proton-
transfer to the analyte, the exact mechanism of MALDI is not yet fully understood 
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(Garcia and Gaskell, 2006). The application of MALDI-MS has been recently 
reviewed within the field of both virology and clinical microbiology (Cobo, 2013; 
Fournier et al., 2013). 
ESI-MS is more amenable to analysis of biomolecules not suitable to other 
conventional analytical methods. The only requirement is that the molecule of interest 
to be analysed possesses a high degree of polarity, to facilitate the attachment of a 
charge. In ESI, the sample becomes ionised once the inlet stream exits the voltage-
applied capillary. This generates a spray of charged droplets that are desolvated as 
they pass through a series of stages with decreasing pressure (Fenn et al., 1989). A 
more detailed account of the mechanism of ESI can be located in the review published 
by Bruins (Bruins, 1998). Unlike MALDI, ESI produces analyte ions multiply 
charged, thereby expanding the range of masses to be analysed. Additionally, ESI is 
compatible with online-separation techniques such as high performance liquid-
chromatography (HPLC-MS) (Ho et al., 2003). This provides high sample throughput 
and rapid analysis without compromising data quality. For more complex mixtures, 
infusion mode or nano-electrospray (nano-ESI) is implemented, a scaled-down 
version of electrospray. Operating without pumps, with low flow rates and small 
sample volumes (ca. 1 μL) enables complex mixtures to be sequenced (Juraschek et 
al., 1999). 
1.6.3 Mass analyser  
The resultant ions can be separated either by a) time-of-flight (TOF-MS), b) 
quadrupole electric fields or c) selective ejection of ions (Banerjee and Mazumdar, 
2012). Mass spectrometers operated by MALDI or ESI ionisation methods, can 
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possess either of these mass analysers. However, the former two will be the only ones 
discussed here. MALDI mass spectrometers are typically coupled to a TOF mass 
analyser. As previously described, after the dried-mixture has been subjected to the 
laser pulse, the resultant ions are sped up to a fixed amount of kinetic energy and travel 
down a flight tube. Smaller ions possess a higher velocity and are detected prior to the 
larger ions. This generates a time-of-flight (TOF) spectrum (Emonet et al., 2010). In 
comparison, ESI can be coupled with quadrupole (Q) or ion trap analysers. The 
quadrupole acts a mass filter, which only allows specific ions of particular masses to 
pass through. To improve the sensitivity and resolution of MS, a series of mass 
spectrometry was developed. This is referred to as tandem mass spectrometry or 
MS/MS (Hoffmann, 1996). In this mode, the analyte ions of interest are selected in 
the first quadrupole, then subjected to fragmentation in the second quadrupole and 
finally analysed in a TOF device, Q-Q-TOF. MS/MS resultant spectra possess a high 
degree of accuracy and resolution. There are different fragmentation methods 
available (Zubarev et al., 1998; Syka et al., 2004; Zubarev, 2006; Han et al., 2008), 
but collision-induced dissociation (CID) (Shukla and Futrell, 2000) is predominately 
used in proteomics studies. CID will be explained in more detail in section 1.6.4.1. 
For more complex mixtures, commonly encountered in proteomics, the components 
of tandem MS/MS, TOF and high performance liquid chromatography (HPLC) 
(McMaster, 2006) have been coupled. The use of HPLC-ESI-MS/MS within the field 
of proteomics can be attributed to the work performed by Hunt and his colleagues 
(Hunt et al., 1992; Aebersold and Mann, 2003). Firstly, the analyte of interest is 
fractioned on an HPLC column. Eluting at different retention times due to the 
hydrophobicity, each resultant fraction is then subjected to a triple quadrupole mass 
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spectrometers (QQQ-MS) possessing three quadrupole analysers. These are arranged 
in a linear configuration as shown in Figure 1.5, where Q1 and Q3 behave as mass 
analysers, with the intermediate quadrupole (Q2) functioning as a collision cell, as 
described by (Wink, 2006). 
 
Figure 1.5 Schematic of triple quadrupole (QQQ) mass 
spectrometer. 
The first quadrupole filters specific known ions which fragmented CID 
in the second quadrupole. The entire fragmented ions are scanned by the 
third quadrupole to record the relative intensity. Figure adopted from 
Boja and Rodriguez (2011). 
 
QQQ spectrometers operate on the basis of a precursor/product ion combination. 
Simply, the precursor ion refers to the major ion produced during ESI, whereas the 
product ion refers to the ion generated after being subjected to CID. QQQ 
spectrometers provide four different scanning modes, product, precursor, neutral scans 
and multiple reaction monitoring. The difference between these modes depend on how 
the Q1 and Q3 are set (Pitt, 2009). In the product scan mode, the Q1 is fixed and the 
Q3 is scanned. This is commonly referred to as selected reaction monitoring (SRM). 
SRM is commonly used in quantification experiments and will be discussed in section 
1.6.5. MS-based proteomics could investigate a wide range of materials from a single 
cell or the entire tissue. However, prior to subjecting peptides for MS analysis, they 
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must first be correctly prepared. Therefore, an overview of the preparation method 
used in this thesis is provided, in addition to peptide fragmentation and identification.  
1.6.4 Proteomic workflow 
The protein of interest is commonly identified from the SDS gel-electrophoresis using 
Coomassie staining method (Blakesley and Boezi, 1977). The proteins band is cut 
from the gel first and subjected to protein extraction process. Alternatively, 
characterisation of the proteins can be performed on the entire mixture of proteins. In 
both cases, the extracted proteins are enzymatically digested to peptides, most 
commonly using trypsin (Huynh et al., 2009). This process of analysing proteins based 
on digested peptides is referred to as “shotgun/bottom-up” proteomics (Wolters et al., 
2001; Yates, 2004; Zhang et al., 2013). 
For nanoLC-MS, the enzymatically digested peptide mixture is then desalted and 
concentrated. Extreme caution should be taken to avoid contamination with human 
keratin(s)  (Gaspari and Cuda, 2011). Keratins are digested equivalently to the 
protein(s) of interest, they will complicate spectra and make it difficult in low 
abundant samples (Westermeier et al., 2008a). The highly concentrated and salt-free 
peptide is eluted onto the nano-electrospray needle; a nanoLC reverse-phase column 
separates the peptides by hydrophobicity, subject to ionisation and transferred to the 
mass spectrometer for analysis, as summarised in Figure 1.6. NanoLC-MS 
spectrometers have reported sensitivity at 1 – 10 fmol and even in the low attomole 
range (Cox et al., 1994). This increased sensitivity can be attributed to the small 
column diameter and lower flow rates (Mann et al., 2001). 
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Figure 1.6 Overview of sample preparation and protein analysis 
and identification. 
The extracted proteins are digested by numerous enzymes. The obtained 
peptides are separated on HPLC column and ionized by means of ESI 
or MALDI. The ionized fragments ions can be analysed by different 
type of MS. The final step is to search the generated peptide mass 
spectra against protein database using one of a wide range of internet 
database searching tools for the purpose of peptides and proteins 
identification. This figure adopted form Steen and Mann (2004).  
 
1.6.4.1 Peptide fragmentation 
Aforementioned, the product ion (Figure 1.5) is formed from the dissociation of the 
precursor ion by collision (CID). As shown in Figure 1.7, fragmentation generally 
occurs at the amide bond forming b and y ions, when the charge is retained by the 
amino-terminal and carboxyl-terminal fragment, respectively. The subscript Roman 
numeral refers to the number of residues in the fragment. The nomenclature was first 
proposed by Roepstorff and Fohlman (1984) and later modified by Johnson et al. 
(1987). Tryptic peptides often carry two or more charges (Steen and Mann, 2004). 
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Figure 1.7 Fragmentation pattern of a chemical structure of a 
peptide subjected to CID by MS/MS. 
The b and y ions refer to the charge retained on the amino and carboxyl-
terminals, respectively. The Roman numerals refer to the number of 
residues within the fragment. Figure adopted from Steen and Mann 
(2004). 
 
The experimentally derived mass spectrum is often referred to as the peptide mass 
fingerprint (PMF) (Westermeier et al., 2008b). Despite the advances in HPLC-ESI-
MS/MS, for peptide sequencing numerous spectra are generated and analysis is often 
time-consuming and tedious. Thereby, the development of protein databases has sped 
up protein analysis.  
1.6.4.2 Identification by database searching 
The databases operate on the concept of correlating the PMF to theoretical mass 
spectra of proteins cut in silico. The confidence level of the match is determined via 
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various algorithms using mass accuracy and percentage of protein sequence covered 
(Perkins et al., 1999). As reported by Mann et al. (2001) for unequivocal assignment 
five peptides of the protein and 15 % of the protein requires to be covered (Mann et 
al., 2001). There is a wide range of internet accessible databases tools, common ones 
include Mascot (Clauser et al., 1999), MS-Fit (Zhang and Chait, 2000) and Profound 
(Thiede et al., 2005). Mass spectrometer companies often specify a vendor software 
as stated by Webhofer and Schrader (2011).  
1.6.5 Protein(s) quantification workflow 
The colour gradient obtained from gel staining provides a qualitative estimate of the 
amount of protein(s) present. However, for low abundance protein(s) this method is 
unsuitable. For more accurate quantification of protein(s) present, alternative 
quantification methods can be utilised. There are two common HPLC-ESI-MS/MS-
based quantification methods; isotope labelling or label-free (Cox and Mann, 2011; 
Liebler and Zimmerman, 2013; Zhang et al., 2013). Quantification of proteins in 
isotope labelling is more accurate. However, label free method avoids drawbacks often 
associated with isotope labelling such as extra sample processing steps, cost of 
labelling reagents (H2
18O2) and inefficient labelling. Isotope labelling was not used in 
this thesis, for additional information the reader is recommended to the relevant 
literature (Zhang et al., 2013). 
There are two quantification options in the label free method; either the frequency of 
a particular peptide is measured as the relative abundance or the chromatographic 
signal intensity is measured. This is commonly performed using selected or multiple 
reactions monitoring, SRM (Lange et al., 2008; Picotti and Aebersold, 2012) and 
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MRM (Addona et al., 2009). As described previously in section 1.6.3, this mode can 
be achieved by setting the Q1 and Q3 quadrupole’s of the QQQ mass spectrometer. In 
SRM mode, Q1 is fixed to detect specific ions of interest to be later subjected to 
collision in the Q2 component. From the resultant chromatogram of the ion, the 
intensity of each fragment is used for quantification purposes. This highly selective 
method is often referred to as targeted analysis (Cox and Mann, 2011; Marx, 2013). 
Within SRM analysis, different time acquisitions can be selected or unselected, 
referred to as scheduled and unscheduled SRM analysis, respectively. Scheduled SRM 
is more efficient and sensitive, as signals are only acquired during the specified 
window (Liebler and Zimmerman, 2013). An important development in targeted 
analysis was the creation of Skyline, an open source platform for both experimental 
and down-stream data analysis. Skyline offers users an array of rich data to inspect, 
analyse and deduce their data. This powerful tool in the field of proteomics enables 
in-depth analysis with statistical function (MacLean et al., 2010).  
Of the main advantages of the SRM performed on the QQQ-MS is the significant 
reduction in noise as a consequence of having the two filtering steps as well as the 
high sensitivity. However, one of the main disadvantages of using SRM in proteomics-
based quantification is the time-consuming process having to establish the appropriate 
fragment ions, referred to as “transitions”, for each targeted peptide in advance (Lange 
et al., 2008; Gallien et al., 2011; Picotti and Aebersold, 2012; Kinter and Kinter, 
2013c). 
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1.7 The aim of this thesis 
This thesis aims to elucidate the mechanisms underlying Nitrogen and minerals 
mobilisation during seed development stages in Brassica napus L. Understanding the 
pathways involved will lead to the ability to breed for improved minerals use 
efficiency. 
1.7.1 The objectives 
The objectives of this thesis are: 
 To understand the breadth of the genetic variation in N and other minerals use 
between various B. napus L. cultivars growing in the field under no fertiliser 
application, through mineral elements analysis of various tissues at different 
growing stages. 
 To identify possible vegetative storage proteins and/or other key genes 
involved in N remobilisation within two genotypes, Ningyou 7 and Tapidor 
DH, and to determine if changing the sink/source relationship between two 
varieties under glasshouse conditions can alter the expression of putative 
vegetative storage proteins. 
 To develop a screening strategy to identify candidate genes underlying 
Quantitative Trait Loci that control Nitrogen remobilisation in B. napus. 
 To map QTL associated with yield and yield related traits as well as mineral 
nutrients related traits in order to improve mineral use efficiency in B. napus. 
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2 Chapter 2 Variation Underlying Nitrogen 
Accumulation in Brassica napus L. 
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2.1 Introduction 
OSR has been shown to have low N Use Efficiency (Sylvester-Bradley and Kindred, 
2009; Sieling and Kage, 2010). This has been attributed to low N uptake rate (Berry 
et al., 2010b; Schulte auf‘m Erley et al., 2011; Ulas et al., 2013) and poor N 
redistribution (Malagoli et al., 2005a; Koeslin-Findeklee and Horst, 2016). It has been 
shown by many studies that the amount of N remobilised does not exceed 45 to 70 % 
regardless of N availability (Rossato et al., 2001; Gombert et al., 2010; Zhang et al., 
2010). 
It has been shown by Rossato et al. (2001) that more than 15 % of the total plant N is 
sent back to the soil by dead leaves dropped before the seed development stages, in 
contrast to 26 % residual N in stems and roots at seed maturity. Hirel et al. (2007) also 
confirmed that a large portion of the total N absorbed during the vegetative growth is 
returned to the soil with falling leaves. Nevertheless, different studies have shown that 
the loss of N associated with stem and taproot at harvest is massively larger than 
leaves. Ulas et al. (2013) reported that the loss of N associated with stem (33 kg N/ha) 
was significantly greater than with leaves (13 kg N/ha) in winter OSR varieties grown 
under field conditions. In contrast, without added N fertiliser, the quantity of N loss 
from leaves does not exceed 3.5 kg/ha (4.3 % of the total plant N at harvest). Moreover, 
the study of Koeslin-Findeklee and Horst (2016) revealed that more than 41 % of the 
total plant N residual at maturity observed within stem (11.8 kg N/ha) and taproot (6.4 
kg N/ha) compared to 7.3 % with leaves (3.3 kg N/ha). Similarly, McGrath and Zhao 
(1996) showed that stem exhibited 35 – 40 % of the total plant N at harvest. The 
amount of stem residual N was greater in the study of Berry et al. (2010b), ranged 
between 18.5 and 27.9 kg N/ha under low N supply. All of these studies summarise 
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the inefficiency of the B. napus L. vegetative tissues in remobilising N to the pods 
during seed filling phases as well as the importance of the stem and root as a key 
storage of N. 
Varietal differences in N content have been reported in B.napus within harvest seeds 
among field-grown 36 genotypes (Kessel et al., 2012), 17 genotypes (Schulte auf‘m 
Erley et al., 2011), 10 genotypes (Berry et al., 2010b) at low N supply, 4 genotypes 
grown hydroponically at low and high N supply (Svečnjak and Rengel, 2006b) and 
glasshouse-grown 12 canola genotypes (Balint and Rengel, 2008) as well as  within 
stem N concentration at maturity (Svečnjak and Rengel, 2006b; Balint and Rengel, 
2008) and within root residual N concentration (Svečnjak and Rengel, 2006b). 
However, genotypic differences in stem residual N concentration have not been 
observed among field-grown and N-efficiency contrasting 4 genotypes (Ulas et al., 
2013), in taproot, stem and seeds N concentration at maturity among 2 genotypes at 
low N supply (Koeslin-Findeklee and Horst, 2016) and in root N composition among 
8 genotypes grown on a mixture of soil and perlite under controlled condition at the 
vegetative growth (Lee et al., 2015). 
The interaction between mineral elements within OSR plants have been reported in 
many studies and within species such as Arabidopsis thaliana (Baxter et al., 2012) and 
B. napus (Bus et al., 2014; Thomas et al., 2016). Such associations could be due to 
shared uptake and regulation pathways or the pleiotropic effects of genes (Bus et al., 
2014).  This relationship between mineral elements has been demonstrated to be 
tissue-specific (Buescher et al., 2010; Baxter et al., 2012; Thomas et al., 2016). Strong 
association between shoot N concentration and shoot P and Mg concentration 
observed in the study of Broadley et al. (2004) across 117 angiosperm species. 
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Many studies has previously been conducted on B. napus in which N content within 
seeds and stem were investigated, in contrast only a few studies have been performed 
on root N content. As yet there is no study investigating partitioning between different 
plant organs such as stem and root nor investigating lateral root N content. It was 
thought that by sectioning stem and root at two growth stages, it would be possible to 
monitor closely both N redistribution and N residual concentration within the plant 
organs. By doing this among a range of B. napus genotypes, it would be possible to 
reduce residual N and hence increasing N use efficiency.  
2.2 The aim of this chapter 
The aim of this chapter is to quantify N concentration in several plant organs of stem, 
root and seeds at growth stage 6.2/6.3 and at maturity in a diversity collection of B. 
napus L. genotypes grown in the filed under low level of available N, without addition 
of fertiliser. Furthermore, to determine the relationships between N and a set of eleven 
mineral nutrients within the analysed tissues for better understanding of the 
mechanisms control N accumulation in the plant. 
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2.3 Material and methods 
2.3.1 Low Nitrogen OREGIN field experiment 
A field experiment was conducted in Harpenden, UK, at Rothamsted Research  
(Latitude 51°80'48.93" N, Longitude 0°37'52.31" W and Evaluation of 132 m above 
sea level) during 2010/2011 growing season as part of the Oilseed Rape Genetic 
Improvement Network (OREGIN) diversity field trials (Hopkins et al., 2010-2011). 
The trial included 205 B.napus varieties of which 84 winter oilseed rape, 55 spring 
oilseed rape, 34 Swede and 32 other (fodder rapes/kales, forage) varieties. The trial 
was sown on the 6th and 13th of September 2010 at 60 seeds/m2 and grown using 
residual soil total available N without addition of fertilisers. The soil type was 
classified as clay-with-flints (Batcombe). The field had been used previously for 
spring barley. Soil analysis was carried out by Rothamsted Research as part of the 
trial, where 30-cm soil samples were collected and analysed. The soil content of the 
total residual available N averaged 22 kg N/ha at the time when the first dose of 
fertiliser would normally be applied, of which 9 kg/ha were as NO3
- and 13 kg/ha were 
as NH4
+. The average annual air temperature at Rothamsted Research site was 9.7 °C. 
The total precipitation was 630 mm during the growing season, of which 220 mm were 
received between February and July. A Randomised Complete Block design using plot 
layout was used in two replicates, each block measuring 39.75 m x 34.75 m. The 
varieties were randomised on the plots within each block, 432 plots in total each 
measuring 1.5 m x 1.8 m were planted. Nets were set up around the field perimeter to 
protect against rabbits during the early period of establishment, and humming tape and 
flappers were used to protect against pigeon. Pesticides and fungicides were applied 
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to control pests and diseases according to the Rothamsted Research standard 
procedures and when was necessary. 
Materials were collected on two occasions from one replicate representing two 
different growth stages when nitrogen mobilisation was expected to occur. The first 
stage was the growth stage (GS) of seed development when most seeds appear 
translucent but have full size named as GS 6.2, and the stage when most seeds are 
green named as GS 6.3 according to the B. napus growth stages code of Sylvester-
Bradley and Makepeace (1984), these plants were sampled on 2 June 2011. The second 
stage was at harvest, with plants sampled on 14 July 2011. 
2.3.2 Plant sampling at seed development stage GS 6.2/6.3 
Materials were collected from three plants from each of the following 14 varieties of 
OSR (Canberra, Darmor, FD502, Grizzly, Lioness, Ningyou 7, NK Bravour, PR45-
D01, Royal, Sun, Tapidor ADAS, Tapidor DH, Winner and Yudal). The varieties were 
selected based on LINK project report LK0979 conducted by Berry et al. (2011) in 
which these varieties have shown differences in N uptake and utilisation efficiency. 
Plants were manually excavated using pickaxe, shovel and trowel. Care was taken to 
loosen soil some distance from the roots and the roots eased out with as much care as 
possible. This ensured that the majority of the roots if not all were collected. Plants 
were transported whole in individual bags to Wellesbourne where they were then 
processed. 
Each plant was divided into seven tissues from roots, stem and seeds as illustrated in 
Figure 2.1 below. The stem was divided into three sections; the bottom of the stem 
(Stem B), the middle of the stem (Stem M) and at the top of the stem (Stem T). Plants 
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roots were washed with deionized water (dH2O) prior to sectioning. The roots were 
divided into three sections; lateral roots (L.root), the top of taproot (T.root T) and the 
bottom of taproot (T.root B). 10 cm of each section, when it is available, was first 
weighed (fresh weight) then dried in the oven at 60 °C until constant weight was 
reached and the weight noted (dried weight; DW). Samples were subsequently ground 
by a machine mill to a size which would pass through a 0.1 cm sieve and subjected to 
Kjeldahl digestion for estimating total Kjeldahl Nitrogen concentration. The total 
concentration of other 11 mineral elements P, K, Mg, Mn, Ca, Na S, B, Cu, Fe and Zn 
were also determined (see Chapter 3). 
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Figure 2.1 Illustration of plant sampling 
This picture is of one of the Darmor plants collected. It is used to 
illustrate the sampling carried out. 10 cm of tissue was sampled from 
each area. 3 tissue sections were taken from the stem, the bottom of the 
stem in blue (Stem B), the middle of the stem in red (Stem M) and the 
top of the stem in green (Stem T). 2 tissue sections from taproot, the top 
and bottom (T.root T) and (T.root B), respectively. One tissue from 
Lateral roots (L.root). The scaled white paper underneath the roots is A4 
paper (21 x 29.7 cm), and the bigger paper is A3 (29.7 x 42 cm). 
 
2.3.3 Plant sampling at harvest 
Similarly, materials from this trial were collected when the plants were due to be 
harvested. Materials were collected from 30 varieties, 14 OSR varieties as previously 
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mentioned in section 2.3.2 and an additional 16 OSR varieties. Due to financial 
limitations, if was not possible to sample all the lines used within the field trial 
although this would have been the ideal.  The additional lines were selected based on 
further information obtained from Dr Peter Berry and based on their potential for 
mapping using new populations for example, the varieties TN145, TN172 and Temple 
were selected for the development of new mapping populations, the varieties Best of 
All and Vige DH1 were selected as outliers from data obtained on N uptake efficiency 
in previous OREGIN field trial. 
The 30 lines harvested were also selected to represent the 3 distinctive crop types;  
I. Winter OSR: (Canberra, Darmor, English Giant DH1, FD502, Grizzly, 
Lioness, Ningyou 7, NK Bravour, PI271451, PR45-D01, Red Russian, Royal, 
Sun, Tapidor ADAS, Tapidor DH, Temple, TN145, TN172 and Winner). 
II. Spring OSR: (Cubs Root DH1, Drakkar, Regina II DH1, Stellar DH and 
Yudal). 
III. Swede: (Best of All, Drummonds PT, Jaune, Petranova, Turnip Hybrid and 
Vige DH1). 
At harvest, due to the completion of the trial it was possible for us to sample five plants 
from each variety. These were sampled as described in section 2.3.2 above. Samples 
were ground by a machine mill to pass through a 0.1 cm sieve and subjected to 
Kjeldahl digestion for estimating total Kjeldahl Nitrogen concentration. The total 
concentration of other 11 mineral elements P, K, Mg, Mn, Ca, Na S, B, Cu, Fe and Zn 
were also determined. 
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2.3.4 Preparation of Kjeldahl digestion acid 
Prior to the process of sample digestion, a catalyst was added to the acid which 
accelerates the rate of reaction and completeness of converting the N in plant tissue to 
ammonium sulphate ((NH4)2SO4) (Horneck and Miller, 1998). Therefore, 0.5 g of 
selenium was weighed and transferred to a 1 L conical flask; 500 ml of analytical grade 
sulphuric acid (H2SO4 98%) were added. The flask was heated (swirled every two 
minutes to prevent the selenium from setting) on a pre-heated hotplate at 85 °C for 20 
minutes or until opaque solution became dark green, indicative that the selenium had 
dissolved. The flask was left overnight to completely cool. 
2.3.5 Sample preparation and analysis 
All samples were oven-dried at 60 °C for three days until a constant weight showed. 
Materials were milled to 2 mm by machine mill and oven dried prior to digestion to 
ensure complete dehydration. Tissue samples (~0.1 g) were placed into a digestion 
tube containing an anti-bumping granule to which the digestion acid (2 mL) was added 
and left for 2 h in the fumehood. Operational blank as well as in-house reference 
material from pooled dried canopy leaves of field-grown B.napus cultivar Temple 
were included in each digestion run. Prior to loading the digestion tubes (57 tubes) 
into the heating rack, 1 mL of hydrogen peroxide (H2O2, 30 % w/w) was added. 
Digestion tubes were then loaded into the heating rack of the Gerhardt block digestion 
system and heated at 330°C for 45 m. An additional 1 mL of hydrogen peroxide (H2O2, 
30 % w/w) was added after the tubes cooled. The tubes were then subjected to 330°C 
for 30 m, until the solution became clear. Afterwards, reverse osmosis water (R.O. 
water, 48.6 ml) was added to the tube and mixed well using a WhirliMixer (Fisons, 
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UK). The solution was then transferred to a scintillation vial. This method was 
generated by Matthew Mitchell in the mineral analysis laboratory at Warwick Crop 
Centre (previously known as Warwick HRI) and adopted from Bradstreet (1965); 
Horneck and Miller (1998) and uses the same standard each time. 
For Kjeldahl N, samples were analysed on the flow injection analyser after a 1:100 
dilution was performed using FIAstar 5000 Analyzer (supplied by FOSS UK) 
connected to an auto sampling system (Sampler 5027, FOSS UK). The system is fully 
controlled by the FIAstar 5000 SoFIA software. After verifying the correct cassette 
and detector filters, M =590 nm (the wavelength at which all prepared standards and 
samples are measured), and R=720 nm (the reference standard wavelength for the 
internal calibration of the instrument) was installed. Using the SoFIA software the 
ammonium 0-5 mg/L method was selected and the absorbance of the ammonium 
indicator is checked. The absorbance is adjusted to be in the range of 300 - 500 mAU 
using dropwise addition of 0.01M sodium hydroxide or 0.01M hydrochloric acid to 
water depending on the value shown by the indicator. A calibration check is then 
followed.  
The calibration standards were prepared as dilutions (0, 0.5, 1, 2 and 5 mg/L) of 1000 
mg/L ammonium-N stock solution, (NH4)2SO4. The diluted samples were then moved 
to 11.5 ml Rohren tubes and placed in the auto sampler and subjected to analysis. 
During the experimental runs a 1 mg/L calibration check was applied after every 10 
samples. 60 samples were analysed in each run and a total of 1394 samples were 
analysed. The SoFIA software calculated the concentration of ammonium (mg/L) in 
each sample from which the total Kjeldahl Nitrogen concentration was calculated as 
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mg/L. the percentage of N in plant tissue was then calculated using the following 
formula: 
𝑁 % =
N (mg. L−1) ∗ final diluted volume (ml)
 dired weight of digested tissue (g) ∗  104
 
The principle of this analysis is that a carrier stream of the sample which contains 
ammonium ions is injected into a stream of sodium hydroxide (NaOH) to form gaseous 
ammonia. The ammonia gas passes across a gas diffusion membrane into an indicator 
stream where it will react with an admixture of acid-base indicators. The resulting 
colour change could be monitored photometrically at 590 nm (Crompton, 2001). 
2.3.6 Data analysis 
Analysis of Variance (ANOVA) was performed to study the effect of the treatments; 
crop type, genotype and tissue, and the interaction between them on the concentration 
of Nitrogen (%DW) at both growth stages; GS 6.2/6.3 and harvest according to the 
model; [genotype x tissue] at the GS 6.2/6.3,   [(croptype ̸ genotype) x tissue] at harvest 
and [growth stage x variety x tissue] to compare between the two growth stages. 
TukeyHSD analysis at 1 % significant level was used as a Post Hoc test when overall 
significant differences were observed. The proportion of total and partial variance in 
N concentration that attributes to each treatment factor was reported as omega squared 
(ω²) and partial omega squared (ω²p) and calculated following the equations below 
(Olejnik and Algina, 2000): 
ω² =
𝑆𝑆𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡  −  
𝑑𝑓𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡   
𝑀𝑆𝑒𝑟𝑟𝑜𝑟
𝑆𝑆𝑡𝑜𝑡𝑎𝑙 +  𝑀𝑆𝑒𝑟𝑟𝑜𝑟
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ω²𝑝 =
𝑆𝑆𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡  −  
𝑑𝑓𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡  𝑀𝑆𝑒𝑟𝑟𝑜𝑟
   𝑆𝑆𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 
+  (𝑁 − 𝑑𝑓𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
) 𝑀𝑆𝑒𝑟𝑟𝑜𝑟
 
 
Where SS is the sum of squares, MS is the mean of squares, df is the degree of freedom 
and N is the total number of observations. The variety mean value and standard error 
of the mean (SEM) were determined where n =3 at GS 6.2/6.3 and n =5 at harvest. 
Outliers in boxplot are data values that are 1.5 times the interquartile range (1.5 x IQR) 
from either end of the box. Pearson correlation analysis was conducted to determine 
the Correlation Coefficient (r) and to investigate relationship between the variables 
(between N and other 11 mineral elements across seven plant tissue types) using 
genotype means. The linear relationship was examined by Regression Analysis.  The 
equation of line of the best fit (𝑦 = 𝑏 + 𝑎𝑥) and the coefficient of determination r2 for 
simple regression analysis and adjusted R2 for multiple regression analysis were all 
determined. All statistical analyses were performed using the R environment for 
statistical computing and graphics (version 3.3.2, 2016). 
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2.4 Results 
Total Kjeldahl N concentration [N] as a percentage of dried weight, (%DW) have been 
determined in different plant tissue types of root, stem and seeds during two different 
time points of plant growth among a number of Brassica napus L. accessions (14 and 
30 for GS 6.2/6.3 and harvest, respectively) grown under low N supply (no N fertiliser) 
in a field experiment. 
2.4.1 Variation in N concentration at GS 6.2/6.3 
The analysis of variance between two subjects (tissue x variety) was conducted and 
revealed significant differences (P >0.0001) in N concentration between tissues 
F(6,196) =3022.3 and between varieties F(13,196) =11.4 and there was an interaction 
between tissue and variety F(78,196) =4.68, P <0.0001. A large proportion of the total 
and partial variance >96 % in [N] attributed to tissue type, whereas genotype 
accounted for about 32 % of the partial variance and only 0.7 % of the total variance 
measured as the partial omega squared and omega squared, respectively. The 14 OSR 
varieties grown under a low N supply (without N fertiliser) show considerable 
variation in N concentration of all analysed seven tissues of stem, roots and seeds 
Figure 2.2 (page 66) during the seed development stage GS 6.2/6.3. As an average 
across all OSR varieties, it is apparent seeds are the greatest store of N with about 2.6 
%DW. The next highest store of N was observed in the bottom of the stem (0.6 %DW) 
followed by the top of the stem, lateral roots, the middle of the stem, the top of tap 
root, and finally the bottom of tap root with 0.34, 0.2, 0.15, 0.14 and 0.13 %DW, 
respectively (Appendix 1, Table 1). 
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Figure 2.2 Variation in N concentration of different plant tissues 
among 14 Brassica napus L. accessions at the seed 
development stage GS 6.2/6.3 
Varieties were grown at low level of N supply in a field experiment. 
Total N concentration was measured by Kjeldahl method. Data are the 
estimated means (n=3) of N concentration in a percentage of dried 
weight (DW). Plant tissues are lateral roots (L.root), the bottom of 
taproot (T.root B), the top of taproot (T.root T), the bottom of the stem 
(Stem B), the middle of the stem (Stem M), the top of the stem (Stem 
T) and seeds. The lower and upper boundaries of the box represent the 
25 and 75 percentiles, respectively. The solid and dashed lines within 
the box represent the median and mean, respectively. Whiskers closest 
and farthest to zero represent the smallest and largest non-outliers in the 
data set, respectively. Circles represent outliers. 
 
There is moderate variation in N content of the bottom of the stem ranged from 0.37 
%DW in the Sun variety to about 2.5-fold range in the Tapidor DH and Ningyou 7 
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varieties. Two-fold range of variation was observed in N content in the middle of the 
stem within the same genotypes to Stem B Figure 2.2. However, a different pattern of 
two-fold of variation was observed in the top of the stem where the varieties Ningyou 
7 and Darmor are showed the lowest and highest concentration from 0.25 to 0.51 
%DW, respectively (Appendix 1, Table 1). During this growth stage the accumulation 
of N varied substantially between the plant roots and stem, with the roots exhibiting 
the lowest N concentration. Interestingly, within the different sections of the root itself, 
the concentration of N also varied. Throughout all 14 OSR varieties, the lateral roots 
possessed a higher N concentration than the taproot. The Ningyou 7 variety 
demonstrated the highest N concentration in both the tap root sections as an average, 
and lateral roots with 0.31 and 0.47 %DW, respectively (Appendix 1, Table 1). The 
varieties, FD502, Royal and Royal demonstrated the lowest concentration of N with 
more than 3.6-fold range Figure 2.2 (page 66). 
Less than 1.6-fold of variation in seed N concentration was observed Figure 2.2 (page 
66) and ranged only from 2.14 to 3.38 %DW in Winner and Ningyou 7, respectively 
(Appendix 1, Table 1). Significant varietal differences (TukeyHSD, P >0.001) were 
observed within the bottom of the stem and seeds. However, there were no significant 
varietal differences within the other tissues which might be related to the small sample 
size (n =3). Some of these B.napus L. accessions behave differently, the accession 
Ningyou 7 was found to have a high N concentration in stem and roots, and in seeds. 
In contrast, a lower N concentration was observed in both stem and roots of the variety 
Sun, but higher in the seeds. These obvious differences in the concentration of N in 
tap roots, lateral roots and the bottom of the stem could be as a result of N 
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redistribution from the vegetative organs where N is initially stored to the siliques to 
supply seeds with the required amount of N during development. 
2.4.2 Relation between N and other mineral elements at GS6.2/6.3 
To further explore the differences of the N concentration in plant tissues and 
establishing the relation between N and other 11 mineral elements within and between 
OSR tissue types, Pearson correlation analysis was conducted on all possible 560 pair-
wise combinations of seven N traits and other 77 traits (11 mineral elements and seven 
tissue types). Out of all possible combination, 86 significant ((P <0.05, df =12) and 
positive (r >0.53) relationships were reported, of which 22 and 64 were within and 
between tissues, respectively Figure 2.3. Four strong positive pair-wise relationships 
observed within all root tissue types between N and S (r =~0.9), Ca (0.57< r <0.92), 
Mg (0.67< r <0.74) and Zn (0.55< r <0.65); all P <0.05. Furthermore, strong 
association between N and Cu observed within both taproot tissues (0.77< r <0.84, P 
<0.005). There was also moderated and significant correlation between N and P within 
L.root (r =54), but this relationship (r =~0.47) was not significant (P >0.05) within 
taproot tissues. In addition, only one moderate association found within Stem B 
between N and Fe (r =56) and very strong within Stem M between N and Zn (r =0.84), 
whereas four positive correlations found within Stem T; N/P, N/Fe, N/Mg and N/K 
(0.55< r <0.62). Seeds N concentration correlated strongly with S (r =0.82) and P (r 
=0.58) Figure 2.3 below.  It is appeared that approximately 82 and 84 % of the 
variation in L.root [N] could be significantly accounted for by its relation to S and Ca, 
respectively Figure 2.4. However, about 89 % of the variance in [N] could be 
accounted for by the confluence of both Ca and S concentration (multiple regression 
analysis, adjusted R2 =0.89; F(2,11) =51.27; P <0.00001). 
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Figure 2.3 Pair-wise correlation analysis between N traits and other 77 
traits in 14 B.napus genotypes at GS6.2/6.3. 
N concentration within seven tissues of root (L.root, T.root B and T.root T), 
stem (Stem B, M and T) and seeds consist N traits. 11 mineral element 
concentrations within seven tissues consist 77 traits. (A) Represent all 560 
possible pair-wise correlations. (B) Represent only significant correlation (P 
<0.05). Data used are genotype mean (n =3). Correlation coefficients panel 
are placed to the right and scaled from -1 (dark brown) to +1 (dark blue).  
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Furthermore, S and Cu significantly explained about 77 and 60 % of the variation in 
T.root T [N], respectively, S and P significantly accounted for 67 and 33 % of the 
variation in seeds N concentration, respectively Figure 2.4 (below). The strongest 
positive relationships between tissues were in N concentration between all root tissues 
as well as in [N] and [S] between root tissues (0.89< r <0.97); all P <2.3*10-5 Figure 
2.3 above. Approximately 86 - 94 % of the variance in N concentration is shared 
between all root tissue types, in contrast to only 43 - 47 % shared variance between 
seeds [N] and [N] within all root tissue types. 
12 significant negative (P <0.05, df =12, r <-0.53) pair-wise relationships were only 
found between the above ground tissues, none of these were within tissues. The 
strongest negative relationships observed between root N concentrations and seeds Mg 
concentration (r = ~ -0.78) Figure 2.3 above. 58 - 61 % of the variation in seeds Mg 
concentration could explained by its relation to root N concentration. Interestingly, 
there were a moderated negative correlation between the top of the stem and Stem B, 
taproot and seeds, however this association was not statistically significant which 
might be due to the small sample size (n =14). 
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Figure 2.4 Relationship between N concentration and S, Ca, Cu and P 
concentration within different tissues at GS 6.2/6.3. 
Data are the genotype mean (n =3). The red line represents the line of best-
fit. Within L.root 𝑦 = 0.03 + 1.61𝑥; r2 =0.82 (N and S), 𝑦 = −0.05 +
0.55𝑥; r2 =0.84 (N and Ca); both P <0.0001. Within T.root T 𝑦 = 0.02 +
1.54𝑥; r2 =0.77 (N and S), 𝑦 = 0.02 + 0.06𝑥; r2 =0.60 (N and Cu); both P 
<0.005. Within seeds 𝑦 = 1.93 + 1.84𝑥; r2 =0.67; P <0.0005 (N and 
S), 𝑦 = 0.94 + 2.67𝑥; r2 =0.33; P <0.05 (N and P); all df(1, 12).  
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On the other hand, the ratio of N and six macronutrients were determined across seven 
plant tissue types in order to ascertain how N interacts with macronutrients within 
different plant organ Table 2.1 below. It is appeared that the N to macronutrients ratio 
differed among tissue types. Seeds possessed the highest ratio across all 
macronutrients except for K, the highest ratio was found with Stem B. the lowest ratio 
of N:P and N:Ca reported within Stem B, ratio of N:K and N:S within Stem M,  and 
ration of N:Mg and N:Na within T.root B. 
Table 2.1 Ratio of N to six macronutrients (P, K, Mg, Ca, S and Na) 
within seven tissue types at GS 6.2/6.3. 
Data used to determine the ratio of N to other macronutrients are the 
tissue mean among 14 genotypes of Brassica napus at GS 6.2/6.3. 
Tissue N:P N:K N:Mg N:Ca N:S N:Na 
L.root 0.86 0.20 2.21 0.43 1.94 1.30 
T.root B 0.79 0.16 1.60 0.46 1.60 0.63 
T.root T 0.78 0.17 2.01 0.47 1.84 0.68 
Stem B 0.51 3.45 7.83 0.04 3.88 2.24 
Stem M 0.79 0.08 2.03 0.25 0.75 0.82 
Stem T 1.79 0.26 5.02 0.34 1.01 10.2 
Seeds 4.18 2.49 9.61 7.65 7.29 684 
 
 
2.4.3 Variation in N concentration at harvest 
N concentration was determined as percentage of DW for seven plant tissues on five 
plants of each of 30 OSR varieties within three crop types. The analysis of variance 
was conducted according to the model [(croptype/variety) x tissue]. Significant 
differences in N concentration were revealed between crop type/variety and tissue, as 
well as significant interaction between them Table 2.2.   
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Table 2.2 Analysis of Variance for the N concentration at harvest. 
ANOVA was conducted according to the model [(croptype/variety) x 
tissue]. SS is the sum of squares, MS is the mean squares, df is the 
degree of freedom, F is the variation ratio, and P is the probability. The 
proportion of total variance represented by omega squared ω² and the 
partial variance estimated by partial omega squared ω²p. The colon 
represents the interaction between factors. 
  
Source of variance   df SS MS F P value ω²p ω² 
Croptype 2 0.2507 0.1253 8.0818 3.3E-04 0.013 0.0003 
Tissue 6 670.52 111.75 7206.1 0.0E+00 0.976 0.975 
Croptype:Variety 27 11.802 0.4371 28.185 7.6E-100 0.404 0.015 
Croptype:Tissue 12 2.7954 0.2329 15.021 5.5E-29 0.135 0.004 
Croptype:Variety:Tissue 161 38.535 0.2394 15.434 1.7E-171 0.682 0.049 
Residuals 873 13.539 0.0155     
Total 1081 737.44         
 
 
The largest proportion (>97 %) of the total and partial variance in [N] attributed to 
tissue type, whereas crop type and croptype/genotype accounted for only 0.03 and 1.55 
%, respectively, of the total variance measured as omega squared, and about 1.3 and 
4 %, respectively, of the partial variance measured as the partial omega squared. The 
three crop types varied widely in N concentration between the seven sampled tissues 
from stem, roots and seeds Figure 2.5. 
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Figure 2.5 Total N concentration of different plant tissues among 
three crop types (Winter OSR, Swede and Spring OSR) 
of Brassica napus L. at harvest. 
Varieties were grown at low level of N supply in a field experiment. 
Total N concentration (% dried weight, DW) was measured by Kjeldahl 
method. Data are the estimated crop type means ± the standard error of 
the mean (SEM) (n=25, 30 and 95 for Swede, Spring OSR and Winter 
OSR, respectively). Bottom axis shows tissue types described in section 
2.3.2 (page 57). 
 
The Swede plants exhibited the lowest [N], about 0.1 %DW in all three stem tissues, 
in comparison to Winter OSR (0.23 %DW) and Spring OSR (0.25 %DW). 
Interestingly, [N] in the roots of the Swede plants were approximately 4-fold higher 
than that of the stem, and possessed the highest concentration compared to the Spring 
OSR (0.36 %DW) and the Winter OSR (0.3 %DW) possessing the lowest N 
concentration. The Winter and Spring OSR displayed a similar stem N concentration. 
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Bottom Stem (Stem B) concentration was higher than the middle and the top of the 
stem in all three crop types. In a similar way, [N] was higher in the lateral roots than 
the taproot Figure 2.5 (above). Lateral roots (0.37 %DW) were the second highest in 
[N] across all varieties after seeds (2.5 %DW), followed by T.root T, T.root B, Stem 
B, Stem M and Stem T with 0.31, 0.29, 0.25, 0.18 and 0.15 %DW, respectively Figure 
2.6 below and (Appendix 1, Table 2). 
 
Figure 2.6 Variation in N concentration of different plant tissues among 
30 Brassica napus L. accessions at harvest. 
Varieties were grown at low level of N supply in a field experiment. Total 
N concentration (% dried weight, DW) was measured by Kjeldahl method. 
Data are the estimated varieties means (n=5). The lower and upper 
boundaries of the box represent the 25 and 75 percentiles, respectively. The 
solid and dashed lines within the box represent the median and mean, 
respectively. Whiskers closest and farthest to zero represent the smallest and 
largest non-outliers in the data set, respectively. Circles represent outliers. 
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The 30 genotypes of B.napus L. showed a large amount of variation in [N] over the 
seven tissues of roots, stem and seeds at harvest Figure 2.6 above. Considerable 
variation in Stem B [N] was observed and varied 9.5-fold (0.05 - 0.44 %DW between 
the variety Best of All and Ningyou7, respectively). Stem M [N] also varied about 10-
fold (0.04 – 0.4 %DW between the variety Drummonds PT and Yudal, respectively). 
Moreover, a range of 9-fold in Stem T (0.03 – 0.26 %DW) between the variety Best 
of All and Tapidor ADAS was observed in Figure 2.6 (page 75). The Table 2 in 
Appendix 1 shows the averaged N concentration in the seven tissue sections among 
the 30 genotypes. 
Significant varietal differences (TukeyHSD, P < 0.01) were observed between the 
three stem tissues. N concentration in the top of Taproot (T.root T) varied 5-fold (0.17 
– 0.83 %DW between the varieties Darmor and Vige DH1, respectively). There was a 
variation range of 4-fold (0.12 – 0.5 %DW) and 3-fold (0.21 – 0.67 %DW) between 
the genotypes Temple and Ningyou7 in the bottom of the Taproot (T.root B) and 
Lateral roots (L.root), respectively Figure 2.6 (page 75). All of these pair comparisons 
between the varieties (lowest and highest [N]) are significant (TukeyHSD, P < 0.01). 
The seeds exhibited the largest store of N at this stage with a concentration of 2.5 % 
of dried weight, and varied by 13-fold compared to the stem [N] and 8-fold compared 
to the roots [N]. Furthermore, only a rage of 2.3-fold variation detected in Seeds [N] 
Figure 2.6 (page 75) between the genotypes Temple and Regina II DH1 (1.68 – 3.85 
% DW, respectively) with significant varietal differences ((TukeyHSD, P < 0.01). 
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2.4.4 Relation between N and other mineral elements at harvest 
Pearson correlation analysis was conducted on all possible 560 pair-wise combinations 
of seven N traits and other 77 traits (11 mineral elements and seven tissue types) in 
order to elucidate the factors possibly contributing to these N concentration variations. 
Out of all possible combination, 97 significant positive relationships (r >0.36, P 
<0.05, df =28) were reported, of which 36 and 61 observed within and between tissues, 
respectively. On the other hand, 19 significant negative associations (r <-0.36, P 
<0.05, df =28) were reported, of which only 3 observed within tissues and 16 observed 
between tissues Figure 2.7 below.  
Six positive associations were found within root tissue types between N concentration 
and the elements (S, Ca, Mg, Mn, B and Zn) concentration. The strongest correlation 
was with S (r =0.58) within L.root, and with Ca within both T.root B and T.root T (r 
=0.59 and 0.85, respectively); all P <0.001. N was also significantly correlated with P 
and Fe within T.root T (r =0.82 and 0.43, p <0.00001 and 0.05, respectively) and 
T.root B (r =0.37 and 0.29, P <0.05 and >0.05, respectively). Linear Regression 
analysis revealed that about 68, 49, 28, 73, 58, 57, 49, 28 and 18 % of the variation in 
T.root T [N] could be significantly (F(1,28) >6.18, P <0.019) explained by its relation 
to P, Mn, B (Figure 2.8), Ca, Mg, S, and Fe, respectively. The strongest relationship 
within all stem tissue types were between N and P (0.52< r <0.61, P <0.005). [P] 
accounted for 28 – 37 % of the variance in [N] Figure 2.8. Moreover, N was also 
correlated with Mg, Mn, B and Fe (r =~0.4) within Stem B, and with Mg, B, S and Ca 
(0.42< r <0.51) within Stem M. 
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Figure 2.7 Pair-wise correlation analysis between Nitrogen traits and 
other 77 traits in 30 B.napus genotypes at harvest. 
N concentration within seven tissues of root (L.root, T.root B and T.root T), 
stem (Stem B, M and T) and seeds consist N traits. 11 mineral element 
concentrations within seven tissues consists 77 traits. (A) Represents all 560 
possible pair-wise correlations. (B) Represents only significant correlation 
(P <0.05). Data used are genotype mean (n =5). Correlation coefficients 
panel are placed to the right and scaled from -1 (dark brown) to +1 (dark 
blue). 
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Figure 2.8 Relationship between N concentration and P, Mn, B, Fe and 
Cu concentration within different tissues at harvest. 
Data are the genotype mean (n =5). The red line represents the line of best-
fit. Within T.root T 𝑦 = 0.13 + 1.01𝑥; r2 =0.68 (N and P), 𝑦 = 0.12 +
0.02𝑥; r2 =0.49 (N and Mn), 𝑦 = 0.13 + 0.02𝑥; r2 =0.28 (N and B); all P 
<0.0026. Within Stem B 𝑦 = 0.11 + 1.08𝑥; r2 =0.34 (N and P), 𝑦 = 0.05 +
0.01𝑥; r2 =0.15 (N and Fe); both P <0.036. Within Stem T 𝑦 = 0.28 −
0.07𝑥; r2 =0.24; P <0.006 (N and Cu); all df(1, 28). 
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A negative relationship existed between N and Cu within all stem tissue types ranged 
from r =-0.49 (Stem T) to r =-0.32 (Stem B), however it was not significant within 
Stem B. about 24 % of the variation in Stem T [N] could be explained by its relation 
to Cu concentration Figure 2.8 above. 
The strongest positive relationships within seeds reported between N concentration 
and S and Z (r =0.75 and 0.72, respectively; P <0.0001). In contrast, negative 
correlation was existed between N and B within seeds (r =-0.50, P <0.005) Figure 2.7 
(Page 78). S, Zn and B accounted significantly for approximately 56, 52 and 25 % 
(Figure 2.9 below), respectively, of the variance in seeds [N]. Nonetheless, about 72 
% of the variation could be explained by the confluence of both S and Zn concentration 
(multiple regression analysis, adjusted R2 =0.72; F(2,27) =37.83; P <0.00001). 
  
Figure 2.9 Relationship between seed N concentration and Zn and B 
concentration at harvest. 
Data are the genotype mean (n =5). The red line represents the best-fitting 
line. 𝑦 = 0.53 + 0.06𝑥; r2 =0.52 (N and Zn), 𝑦 = 4.48 − 0.23𝑥; r2 =25 (N 
and B); both P <0.005, df(1, 28). 
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Furthermore, the strongest positive associations between tissues were unsurprisingly 
found in [N] between all stem tissue types (0.82< r <0.88) as well as between all root 
tissue types (0.76< r <0.80). Approximately 68 - 78 % of the variance in N 
concentration was significantly (P <1.7*10-6) shared between all stem tissue types, 
and 58 - 64 % shared between all root tissue types. In contrast, the strongest negative 
relationships between tissues were observed between all stem tissues N concentration 
and L.root Ca concentration (-0.50> r >-0.57, P <0.0058). 25 – 33 % of the variance 
within all stem tissues could be significantly (P <0.0058) accounted for by it is relation 
to L.root [Ca]. 
On the other hand, ratio of N and six macronutrients were determined across seven 
plant tissue types in order to identify how N interacts with macronutrients within 
different plant organ Table 2.3 below. N to macronutrients ratio differed among tissue 
types, where seeds possessed the highest ratio across all macronutrients. In contrast, 
the lowest ratio of N:P observed within root tissues and the ration of N:K, N:Mg, N:Ca, 
N:S and N:Na observed within stem tissues. 
Table 2.3 Ratio of N to six macronutrients (P, K, Mg, Ca, S and Na) 
within seven tissue types at harvest. 
Data used to determine the ratio of N to other macronutrients are the 
tissue mean among 30 genotypes of Brassica napus at harvest. 
Tissue N:P N:K N:Mg N:Ca N:S N:Na 
L.root 1.85 0.34 4.68 0.59 1.99 2.09 
T.root B 1.78 0.33 4.56 0.58 1.90 1.72 
T.root T 1.70 0.40 5.34 0.59 2.05 1.99 
Stem B 1.96 0.15 2.88 0.30 1.15 1.01 
Stem M 2.12 0.11 3.27 0.27 0.84 0.91 
Stem T 2.64 0.13 3.21 0.24 0.69 1.05 
Seeds 3.08 4.17 11.4 5.82 5.56 654 
 
 
CHAPTER 2                                      Variation Underlying Nitrogen Accumulation in B. napus     
82 
 
2.4.5 Comparison between two stages GS 6.2/6.3 and harvest 
Nitrogen were independently analysed during the growth stage (GS 6.2/6.3) and the 
harvest. Genotypic variation within tissues and between tissues were studied as well 
as the relationship between N and other 11 mineral elements. 14 genotypes of B.napus 
L. accessions were shared between the two different stages. Therefore, combining the 
two stages together to elucidate differences in mineral nutrient concentrations in every 
tissue was of interest. Across the 14 varieties and the seven analysed tissues there was 
no significant differences between the two growth stages in N concentration (F(1,588) 
=0.571, P >0.05). However, there were significant interaction between the growth 
stage and tissue (F(5,588) =61.6, P <0.0001), and variety (F(13,588) =2.3, P <0.01) 
according to ANOVA model [stage x tissue x variety]. 
Not surprisingly, variation in N concentration was observed among seven tissue types 
and within each tissue between the two stages.  it appeared that taproot and lateral 
roots Figure 2.10 and Stem M Figure 2.11 (B) exhibited the highest N concentration 
at harvest (0.3, 0.37 and 0.24 %, respectively, across 14 genotypes) compared with the 
GS 6.2/6.3 stage (0.13, 0.2 and 0.15 % , respectively), whereas N concentration in 
Stem B  (0.34 %) and Stem T (0.2 %) Figure 2.11 (A and C, respectively) were the 
lowest at maturity in contrast with GS 6.2/6.3 (0.6 and 0.34 %, respectively). 
Interestingly, some varieties showed little difference between the two stages such as 
Canberra and Sun within Stem B Figure 2.11 (A), Winner, Darmor and NK Bravour 
within Stem M Figure 2.11 (B), and Ningyou 7 within Stem T Figure 2.11 (C). The 
seeds exhibited no differences in N concentration between the GS 6.2/6.3 and harvest 
stages, however, significant differences were reported between two stages within 
genotypes; Winner, Royal, Tapidor ADAS and Sun Figure 2.11 (C).  
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Figure 2.10 Roots N concentration across two growth stages; GS 6.2/6.3 
and harvest among 14 B. napus L. accessions. 
(A) T.root B (B) L.root B (C) L.root. Data are the mean ± SEM (n=3 and n=5 
at GS 6.2/6.3 and harvest, respectively). Varieties were sorted into ascending 
order according to [N] at the GS 6.2/6.3. 
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Figure 2.11 Stem and seeds N concentration between two growth 
stages (GS 6.2/6.3 and harvest) among 14 B. napus L. 
accessions. 
(A) Stem B (B) Stem M (C) Stem T and (D) Seeds. Data are the mean ± 
SEM (n=3 and n=5 at GS 6.2/6.3 and harvest, respectively). Varieties 
were sorted into ascending order according to [N] at GS6.2/6.3 
 
 
2.5 Discussion 
During this chapter, three B.napus plant organs; stem, root and seeds were studied. 
The stem and root were sectioned into three tissues each. N concentration were 
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quantified within the seven tissue types during two growth stages of OSR; GS 6.2/6.3 
contained 14 genotypes and at harvest contained 30 genotypes grown under field 
conditions at low N supply. A considerable variation in N concentration was detected 
between all plant tissues of stem, root and seeds at both plant growth stages and mainly 
at harvest. The variation in [N] ranged from 1.6-fold (seeds) to 4.8- fold (T.root T) at 
GS 6.2/6.3 Figure 2.2 (page 66). However, at maturity, variation in [N] ranged from 
2.3-fold (seeds) to ca.10-fold (Stem B and M) Figure 2.6 (page 75). Smaller scale of 
variation in mature seeds [N] were reported under limited N availability in previous 
studies, for instance, a variation of 1.5-fold among field-grown 17 genotypes of OSR 
(Schulte auf‘m Erley et al., 2011),  1.45-fold among 36 genotypes (Kessel et al., 2012), 
1.12-fold among 10 genotypes (Berry et al., 2010b) and 1.14-fold among 12 canola 
genotypes (Balint and Rengel, 2008). Moreover, only 2-fold of variation was observed 
in stem N residual (Balint and Rengel, 2008). 
N concentration differed significantly among all plant tissue types and decreased at 
GS 6.2/6.3 in the sequence; seeds >Stem B >Stem T >L.root >Stem M >T.root T 
>T.root B which is inconsistent with Svečnjak and Rengel (2006a) whom 
demonstrated that stem N concentration is smaller than root at the rosette stage among 
4 canola genotypes regardless N availability. In contrast, N concentration decreased 
at maturity in the sequence; seeds > L.root > T.root T >T.root B > Stem B >Stem M 
>Stem T which is consistent with another study of Svečnjak and Rengel (2006b) in 
which root exhibited higher concentration of N than stem at maturity. Having reported 
this, the present study interestingly showed that N concentration differed within the 
plant organs itself. For example, N concentration in the bottom of the stem (Stem B, 
0.6 %DW) was significantly about 4.1-fold and 1.8-fold greater than Stem M and Stem 
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T, respectively, at GS 6.2/6.3, and about 1.4-fold and 1.6-fold higher respectively at 
harvest. Moreover, lateral root possessed greater [N] than both taproot tissue sections 
at both growth stages; 1.42- and 1.52-fold at GS 6.2/6.3 in contrast to 1.18- and 1.18-
fold at maturity. A difference was also observed between two sections of taproot where 
the top part (T.root T) had greater N concentration than the lower section (T.root B) 
of about 1.1-fold across two growth stages. As yet we are not aware of either any 
previous publication highlighted this finding nor a research group who are doing 
similar study. 
In the study conducted by Berry et al. (2010b) who investigated the varietal 
differences underline N Use Efficiency in 10 Winter OSR genotypes under limited N 
environment of N fertiliser, N concentration within mature seeds was 2.8 %DW 
averaged across four experiments and ranged from 2.65 to 2.97 %DW between 
genotypes Grizzly and Royal, respectively. In the present study, mature seeds [N] 
averaged 2.26 %DW among the same 10 genotypes and ranged from 1.76 to 2.95 
%DW between genotypes Winner and Tapidor DH, respectively. 
It is clear that the top parts of plants (Stem T and seeds) possessed high N 
concentration at the seed development stage (GS 6.2/6.3) and this is possibly due to 
trends of N translocation into siliques.  At maturity, [N] within Stem T and Stem B 
decreased although N concentration remained relatively high within Stem B, whereas 
[N] within all root tissues and Stem M increased. These results correspond with several 
studies investigated N remobilisation such as Malagoli et al. (2005a); Tilsner et al. 
(2005); Gombert et al. (2006); Sylvester-Bradley and Kindred (2009) whom 
demonstrated the low efficiency of N redistribution from the vegetative organs to the 
siliques. Ulas et al. (2013) reported that reducing N supply had a significant effect on 
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the residual amount of stem N at harvest which decreased between 2- and 4-fold 
according to the applied quantity of N. In the same study, it was concluded that without 
N supply, the amount of stem N residue averaged ca. 5.9 kg N/ha with no genotypic 
differences among four genotypes and comprised approximately 2-fold of the N loss 
with leaves. In the study of  Berry et al. (2010b) which conducted under low N supply, 
the amount of residual N was higher and ranged from 18.5 to 27.9 kg N/ha. In this 
chapter, the amount of residual N within Stem B averaged 4.7 kg N/ha where the 10 
cm section of Stem B averaged approximately 2.5 g at harvest. However, at a density 
of 80 plants/m2, the amount of N residue could exceed 6.1 kg N/ha which is even more 
than the whole stem residue reported in the study of  Ulas et al. (2013). Interestingly, 
the variation ranged between 0.92 kg N/ha for cultivar Best of all and 8.76 kg N/ha 
for cultivar Ningyou 7.  
Swede OSR plants possessed the lowest N concentration averaged 0.13 %DW within 
Stem B in comparison with Winter and Spring OSR; both, 0.28 %DW at maturity 
Figure 2.5 (page 74) and (Appendix 1, Table 2). Thus, if it was possible to reduce N 
concentration in the bottom of the stem by 0.15 %DW to what is averaged in Swede 
crop, there would be a reduction in residual N of more than 3 Kg N/ha. In contrast, if 
the reduction in [N] by 0.24 %DW to what is averaged in cultivar Best of All (0.05 
%DW), the amount of N loss at maturity could be reduced by more than 4.7 kg N/ha. 
Svečnjak and Rengel (2006b) reported than root N concentration at harvest averaged 
0.85 %DW among four genotypes of canola at low N supply, which is not in accord 
with the present study where taproot [N] averaged 0.29 – 0.31 %DW and lateral root 
0.37 %DW Figure 2.6 (page 75) and (Appendix 1, Table 2). Furthermore, N 
concentration within L.root was greater than Stem B at maturity among all crop types. 
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Moreover, taproot N concentration was higher than Stem B among Spring OSR and 
Swede, but only similar to Stem B in Winter OSR Figure 2.5 (page 74) and (Appendix 
1, Table 2). Root tissues were observed to have greater dry matter than stem tissues, 
thus the amount of N loss by root would be higher than by stem. The amount of N loss 
by a taproot section of only 5 g DW would reach 10.8, 13.68 and 16.76 kg N/ha for 
Winter OSR, Spring OSR and Swede, respectively, according to the averaged N 
concentration among these three crop types. The genotypic variation ranged between 
less than 7.4 kg N/ha for cultivars such as Temple, Darmor and TN145, and more than 
19.4 kg N/ha for cultivars such as Ningyou 7 and Cubs Roots DH1. Thus, there is large 
room for reduction in taproot N concertation by 0.14 %DW. Therefore, reducing N 
loss with taproot by more than 5.7 kg N/ha according to an averaged taproot [N] of 
0.31 %DW. Unfortunately, It was not possible to compare the loss of N by stem and 
leaves through lack of data about leaves. Nevertheless, plant stem contained relatively 
a high N at maturity compared to plant root. 
Genotypic differences have been clearly reported in several studies involved in N 
dynamics, remobilisation and N Use Efficiency within B.napus (Schjoerring et al., 
1995; Macdonald et al., 1997; Dreccer et al., 2000; Horst et al., 2003; Malagoli et al., 
2005a; Svečnjak and Rengel, 2006a; Berry et al., 2010a; Berry et al., 2010b). In this 
chapter, the performed experiment also showed a large scale of genotypic differences 
in N concentration within different plant tissues. Some of these genotypes differed 
distinctly from one another in relation to N concentration contained in the stem and 
root at harvest. Of the Winter OSR varieties, Ningyou 7 possessed the highest 
concentration across all tissue sections, whereas in contrast, Temple exhibited the 
lowest concentration. Some varieties such as the Swede Best of All and Drummonds 
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PT showed differences in [N] between stem and roots. The variety Vige DH1 showed 
an attractive result where [N] was the greatest in taproot and could account 
approximately for 2-fold [N] within taproot of cultivar Ningyou 7. It has previously 
been observed that the cultivars Vige DH1 and Best of All were an outliers in a 
previous OREGIN field experiment investigating N Uptake Efficiency. 
11 mineral nutrient concentrations had been quantified in addition to N within every 
plant tissue types at two growth stages. The relationships among these mineral 
concentration were evaluated by analysis of correlation. Interestingly, all pair-wise 
correlations between N and other nutrient concentrations were positive within all root 
tissues at GS 6.2/6.3 Figure 2.3 (page 69) and at maturity Figure 2.7 (page 78). 
Moreover, most of the pair-wise relationships (40 out of 47) within above ground 
tissues were also positive. This results can suggest that there are shared pathways 
involved in uptake and assimilation of the correlated nutrients, or pleiotropic gene 
effects among those associated nutrients (Bus et al., 2014). However, the relationships 
between N and other mineral nutrients in the present study were not consistent across 
plant tissues. For example, N/S and N/Zn were strongly correlated within only all root 
tissues and seeds, and N/Ca were strongly associated within only all root tissues. In 
the recent study of Thomas et al. (2016) investigating leaf and seeds “Ionome” in 
B.napus, it was demonstrated that the relationships between nutrient concentrations 
were tissue-specific. In a similar study on Arabidopsis thaliana, Buescher et al. (2010) 
and Baxter et al. (2012) showed that the relationships between mineral concentrations 
differed across root, leaf and seeds. In addition to the tissue-specificity, some of the 
pair-wise relationships were also developmental stage-specific, for example, a 
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significant correlation between N and Mn observed only at maturity within all root 
tissues and Stem B. 
N concentration was strongly correlated to Ca, Mg, P and Zn concentration at the both 
growth stages. However, these relationships were tissue-specific as previously 
indicated. Broadley et al. (2004), in their study on 117 species of angiosperms at the 
vegetative growth under hydroponic conditions, concluded that shoot N concentration 
strongly correlated to P, Ca and Mg concentration. The ratio of N to other 
micronutrients was greater in seeds than other plant tissues across two growth stages. 
However, variation was existed among growth stages. For example, within seeds, N:P 
decreased from 4.2  to 3 and N:Ca decreased from 7.6 to 5.8, in contrast, N:K increased 
from 2.5 to 4.2 and N:Mg increased from 9.6 to 11.4; all comparisons at GS 6.2/6.3 
Table 2.1 (page 72) and maturity Table 2.3 (page 81), respectively. Furthermore, 
within Stem B tissue, the ratio of N:P increased from 0.5 to 1.96 and N:Ca increased 
from 0.04 to 0.3, in contrast, the ratio of N:K decreased from 3.4 to 0.15, N:Mg 
decreased from 7.8 to 2.9 and N:Na decreased from 2.2 to 1.15; all comparisons at GS 
6.2/6.3 and maturity, respectively. In the study of Broadley et al. (2004), averaged 
shoot ratio among 117 species between N and Mg, P, Ca, K and Na were 17, 7.8, 5.1, 
1.2 and 47, respectively, whereas in B. Oleracea were 11.3, 9.3, 1.6, 1.5 and 197, 
respectively. 
The seeds N:S ratio was also varied between the growth stages. A ratio of 7.3-fold 
observed at the GS 6.2/6.3, whereas of 5.8-fold observed at harvest. Moreover, seeds 
[N] and [S] were positively and strongly associated at the both growth stages. These 
results might be due to a confluence of two determining factors; the first is that 
proteins, consists about 17 – 24 %DW of B.napus L. seeds (Snowdon et al., 2007; 
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Weightman et al., 2010) and site for of N.  Sulphur is also a key component of proteins 
through the two S-containing amino acids (Hawkesford et al., 2012). The second is 
that B.napus L. seeds contain relatively a high glucosinolates content of 10 µmol/g 
(Khajali and Slominski, 2012), averaged 11.4 µmol/g in AHDB Winter OSR 
Recommended List 2017/2018 (AHDB, 2017) compared to other plant tissues, and 2-
hydroxy-3-butenyl glucosinolate comprise about 80 % of  the total glucosinolates 
within OSR seeds (Radojčić Redovniković et al., 2008). Glucosinolates are S-rich 
compounds with S comprising up to 20 % of them (Falk et al., 2007). Furthermore, N 
and S were surprisingly correlated strongly within all roots tissue and seeds (r >0.82) 
at GS 6.2/6.3 and (r >0.4) at maturity. A consistent ration N:S of approximately 2-fold 
was exhibited across roots tissues throughout both growth stages.  
In comparison, the N:S ratio varied between the stem sections and between both 
growth stages. The highest ratio of 3.9-fold was observed within the Stem B at the GS 
6.2/6.3 which then decreased to less than 1.2-fold at maturity. In contrast, a ratio of 
1:1 was observed within Stem T at GS 6.2/6.3 and became 1:1.5 at maturity. Such 
relationship between N and S has previously been reported in B.napus. McGrath and 
Zhao (1996) demonstrated that N:S differed between plant tissues, in addition, the 
ratio N:S was continuously decreased (measured at the whole plant level) from the 
onset of flowering to the early pod development stage under field condition, where a 
ratio of 3-fold were observed at a similar growth stage (GS 6.2 and 6.3) to what the 
present study had at low N supply.  Abdallah et al. (2010) reported a ratio of less than 
4-fold in root and 5-fold in leaf at the rosette stage of cultivar Capitol under controlled 
conditions. 
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These finding could assist plant breeders to develop varieties with improved N 
Utilisation Efficiency. This could be aided by developing a new genetic mapping 
population, for instance, Ningyou 7 X Temple that could result in a significant 
segregation of genes underline N remobilisation and use efficiency, thus reproducing 
new highly N efficient genotypes with high seed yield at limited N sources. OREGIN 
has been developing new five DH mapping populations using five parental lines (the 
male lines) all crossed onto the cultivar Temple  (the female) which selected for its 
good agronomic traits such as N use efficiency, good autumn vigour and high seed oil 
content.
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3 Chapter 3 Variation in Mineral Element 
Concentrations of Brassica napus L.  
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3.1 Introduction 
As it has been described in Chapter 1, plants require 14 essential mineral elements 
acquired from the soil solution in different forms to maintain their growth and 
development (Marschner, 2012a). The role of these mineral elements in plant growth 
and development is of critical importance. For example, the key function of P during 
the metabolic cycles, in the cell, is the storage of energy through molecules such as 
adenosine triphosphate (ATP). Furthermore, P plays a structural function as an 
essential constituent of the nucleic acids deoxyribonucleic acid (DNA) and ribonucleic 
acid (RNA), and also in membrane phospholipids (Raghothama and Karthikeyan, 
2005). S is also an essential component of proteins through the two S-containing side-
chain amino acids methionine (Met, M) and cysteine (Cys, C) which, in turn, are 
involved in synthesising S-containing compounds, for instance, enzymes, coenzymes 
and glucosinolates. Moreover, S is a structural component of these compounds and is 
responsible for disulphide bridge formation (Hawkesford et al., 2012). Plants require 
sufficient, but not excessive, quantities of mineral elements in order to reach the 
optimum productivity; hence low availability of these minerals or the decrease in their 
acquisition for whatever reason will have a direct negative effect on plant growth and 
development. The effect of mineral deficiency varies from element to another, as well 
as due to the severity of the shortage and the interaction between elements. For 
example, Mg is known to be involved in the process of protein synthesis because of 
its key role in assembling of the ribosome subunits (Cammarano et al., 1972). Hence 
Mg deficiency, or the presence of high concentration of K in the cell, results in 
dissociating of the ribosome subunits and thus cessation of protein synthesis 
(Sperrazza and Spremulli, 1983).  
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The availability of mineral elements in the soil is a complicated subject that involves 
interactions of many factors related to the physical and chemical properties of the soil 
and interaction between soil and plant roots as well as interaction between minerals 
(Comerford, 2005; Marschner, 2012a). Therefore, mineral element availability in the 
soil solution substantially limits plant growth and development (White and Brown, 
2010). P is one of the most unavailable macronutrients in the soil solution and often 
limits crop productivity (Hammond et al., 2009). Unavailable Zn makes up the 
majority of the total Zn content in the soil; hence Zn deficiency is the most commonly 
occurring micronutrient deficiency found in plants, especially in soils with a high pH 
(Broadley et al., 2007). Increasing soil pH has also been reported to reduce soil Mn 
availability and thus inducing Mn deficiency in OSR plants, with severe Mn 
deficiency symptoms observed in pH 7.5 soils (Brennan and Bolland, 2015). Zn has 
been found to have a positive effect on the accumulation of several mineral elements. 
For example, the increase in B. oleracea L. shoot Zn accumulation (from 8 to 32 
µg/plant) at high Zn supply was reported to increase the shoot content of some mineral 
elements such as K, Mg, Ca, S, Mn, Cu and Fe (Broadley et al., 2010) 
Mineral element content differs at the tissue level within the plant as well as under 
different growth conditions. In the study of Thomas et al. (2016), seeds had greater 
concentration of P, S, B, Cu and Zn than leaf, while leaf had greater concentration of 
the other six elements among a panel of 387 genotypes. In comparison, in the study 
by Baxter et al. (2012), leaves of A. thaliana grown hydroponically were higher than 
seeds in most of the mineral elements concentration except in case of S, Cu and Zn 
among a panel of 96 genotypes. In the same study, it was reported that the 
concentration of Ca, Mg, and B was higher in leaves than roots, while the other eight 
CHAPTER 3                                     Variation in Mineral Elements Concentration in B. napus     
96 
 
elements were higher in root than leaves. Furthermore, The environmental effect of 
glasshouse vs. field conditions on shoot P (Hammond et al., 2009) and K content 
(White et al., 2010) has been reported for B. oleracea L. 
In the study of Bus et al. (2014), investigating the shoot mineral composition of 11 
mineral elements across a large diversity collection of 509 B. napus genotypes grown 
under controlled conditions for 30 days, mineral nutrients concentration varied from 
ca. 1.6-fold for Mg to  6-fold for P.  In comparison, among a diversity collection of 
387 genotypes of B. napus grown under non controlled conditions in a polytunnel 
(Thomas et al., 2016), the rosette leaf mineral elements concentration varied from 1.8-
fold for Fe to 6-fold for Mn. In the same study of Thomas et al. (2016), the genotypic 
variation in seed minerals composition varied from 1.7- to 14-fold for P and Na, 
respectively. Limited variation between the Tapidor DH and Ningyou 7 parents of the 
TNDH mapping population was observed in seven minerals concentration in the shoot 
at seedling stage (Liu et al., 2009a). However, across 162 segregating lines, the 
variation ranged from 1.5-fold (1.8 – 2.8 %) for Ca to 10.4-fold (90 – 940 µg/g) for 
Fe under limiting B environment. In his study on the genetic variation in P 
accumulation and use efficiency among 14 genotypes of B. napus L. grown under 
controlled conditions, Akhtar et al. (2008) found no significant variation in the shoot 
P concentration, in contrast to ca. 2.5-fold of variation in root P concentration. 
However, genotypic differences in seed, stem and root P and K concentrations among 
three genotypes (Rose et al., 2007), shoot K concentration among 84 genotypes 
(Damon et al., 2007) have been reported. Significant variation in shoot P concentration 
of approximately 5-fold and 2.8-fold was reported among 355 accessions of B. 
oleracea grown under glasshouse conditions at low and high P supply, respectively 
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(Hammond et al., 2009). Furthermore, shoot varied 2.3-fold for [Mg], 2-fold for [Ca] 
(Broadley et al., 2008), and ca. 2.3-fold for [K] (White et al., 2010). Substantial 
variation in shoot Zn (6.7-fold), Fe (5.8-fold), and Mn (2.5-fold) were observed across 
111 accessions of B. rapa L. during vegetative growth (Wu et al., 2007). The genetic 
analysis of plant mineral nutrients composition was demonstrated to be under 
pleiotropic effect in B. napus (Liu et al., 2009a; Ding et al., 2010). Many strong pair-
wise correlations between mineral nutrients have been observed previously in B. 
napus; in shoot (Liu et al., 2009a; Bus et al., 2014), seeds (Ding et al., 2010; Thomas 
et al., 2016) and leaves (Thomas et al., 2016). 
Genotypes that obtain and utilise mineral elements efficiently in addition to a large 
scale of variation across various genotypes is important for plant breeders to select for 
these traits of interest, thereby increasing the availability of the mineral elements of 
interest simultaneously with a reduction in the amount of fertiliser application (White 
et al., 2015). 
3.2 The aim of this chapter  
The aim of this chapter is to quantify and determine the relationships in the natural 
genetic variation of a set of eleven mineral elements in roots, stems and seeds at 
growth stage 6.2/6.3 and at harvest in a diverse panel of B. napus L. genotypes grown 
in a field in the absence of supplemental fertiliser. 
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3.3 Materials and methods 
3.3.1 OREGIN field experiment 
This field experiment was conducted at Rothamsted Research during the 2010/2011 
growing season as part of the Defra OREGIN project (Hopkins et al., 2010-2011). The 
1.8 m x 1.5 m plots were drilled at 60 seeds/m2 in September 2010 and grown at low 
N availability without addition of fertilisers as described in section 2.3.1 (page 56). 
Plants were sampled at two growth stages; GS 6.2/6.3 and at harvest. 
3.3.2 Plant sampling at GS 6.2/6.3 
Three plants for each of 14 genotypes were collected on 02/06/2011.  Each plant was 
divided into seven tissue sections; the bottom of the stem (Stem B), the middle of the 
stem (Stem M), the top of the stem (Stem T), lateral roots (L.root), the top of taproot 
(T.root T), the bottom of taproot (T.root B) and seeds as described in Section 2.3.2 
(page 57) 
3.3.3 Plant sampling at harvest 
Five plants for each of 30 genotypes were collected on 14/07/2011 and divided into 
seven tissue sections (Stem B, Stem M, Stem T, L.root, T.root T, T.root B and seeds) 
as described in Section 2.3.3 (page 59) 
3.3.4 Sample preparation and mineral content determination 
3.3.4.1 Kjeldahl digestion 
All plant samples were oven-dried at 60 °C until a constant dry weight was achieved 
and then milled to 2 mm by machine mill. They were further oven dried prior to 
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digestion to ensure complete dehydration. For determination of P, K, Mg, Mn, Ca and 
Na, plant samples were digested in sulphuric acid following the Kjeldahl method as 
described in Section 2.3.5 (page 61) where the Kjeldahl digestion was initially used to 
determine the total Kjeldahl Nitrogen. The remaining digested samples were then 
analysed on inductively coupled plasma optical emission spectrometry (Horiba Jobin-
Yvon, Ultima 2 ICP-OES, France) connected to an auto sampling system to determine 
the concentration of the six elements. The system is controlled by the Analyst V5.4 
software. The ICP-OES relies on nebulising a fine mist of the liquid sample into the 
hot argon plasma which in turn excite the element atoms at an excessively high 
temperature (ca. 7000 °C). The released spectrum is then measured at each element 
specified wavelength nm: 178.229 for P, 766.490 for K, 279.553 for Mg, 257.610 for 
Mn, 317.933 for Ca and 589.592 for Na and the sample content of an element 
determined from its emission intensity (Skoog et al., 1998).  
A multi-elements standard was prepared by dilution of a stock multi-elements standard 
that contains 40, 50.5, 20, 5, 100 and 5 mg/L of P, K, Mg, Mn, Ca and Na, respectively. 
Calibration checks were applied after every tenth sample during the experimental runs. 
The multi-elements standard was prepared from monopotassium phosphate (KH2PO4), 
calcium carbonate (CaCO3), sodium chloride (NaCl), 1000 ppm Fisher Mg and 1000 
ppm Fisher Mn calibration standards. The accuracy of the newly prepared standard 
was always checked by running on the ICP-OES against a known standard (Qmx 
Laboratories Ltd, UK). 50 samples were analysed in each run and a total of 1344 
samples were analysed. The macronutrients data were then converted to percentage of 
dry weight (%DW) using the following formula: 
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𝑚𝑎𝑐𝑟𝑜𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡 % =
macronutrient (mg L−
1) ∗ final diluted volume (ml)
 dired weight of digested tissue (g) ∗  104
 
The micronutrients data (mg/L) were multiplied by the final diluted volume (ml) and 
divided by the dried weight of digested sample (g), and the data expressed as µg/g dry 
weight (µg/g DW). The elements limit of detection (LOD) were expressed as the mean 
concentration of the blank samples plus three times the standard deviation of the blank 
concentrations (Shrivastava and Gupta, 2011) based on the 0.1 g initial dried weight. 
As a result, LODs are; 56.8, 118.7, 0.962, 93.4 and 5.35 * 10
-4 %DW for P, K, Mg, Ca 
and Na, respectively, and 0.571 µg/g DW for Mn. 
For determination of B, Cu, Fe, Zn and S concentrations, plant samples were subjected 
to microwave-assisted nitric acid digestion (Wu et al., 1997; Miller, 1998) despite the 
fact that these elements, except S, could also be determined from the Kjeldahl 
digestion. However, the concentration of these elements in the digest was not above 
their LODs. Detailed explanation of the analysis method and LODs is in the next 
section. 
3.3.4.2 Microwave-assisted nitric acid digestion 
Tissue samples (~0.35 g) were placed into digestion tubes (MARSXpress closed 
digestion vessels) to which 2 ml 70 % analytical grade nitric acid was added. 
Operational blank as well as in-house reference material from pooled dried canopy 
leaves of field-grown B. napus cultivar Temple were included in each digestion run. 
Prior to loading the digestion tubes into the microwave digestion system (MARS 5, 
CEM Corporation, USA) with a capacity of 40 vessels, tubes were mixed for ~10 sec 
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using Fisons WhirliMixer. The digestion vessels in the microwaves were subjected to 
the following programmed heating cycles for 34 min; (I) the vessels content 
temperature was elevated to 100 °C in three min and then held for two min, (II) 
temperature was elevated to 120 °C in one min and held for one min, (III) temperature 
was elevated to 160 °C in three min and then held for two min. (IV) finally, 
temperature was elevated to 180 °C in two min and held for 20 min. The tubes were 
allowed to cool to 60 °C or less and 23 mL R.O. water added to the tube for a total 
volume of 25 ml and mixed well using WhirliMixer. This solution was transferred to 
a scintillation vial and analysed on the ICP-OES (Horiba Jobin-Yvon, Ultima 2 ICP-
OES, France) to determine concentrations of B, Cu, Fe, Zn and S against a nitric acid 
digest standard. The released spectrum was then measured at each element specified 
wavelength nm; 249.773 for B, 324.754 for Cu, 259.940 for Fe, 213.856 for Zn and 
180.676 for S. A multi-elements standard were prepared as dilutions of the stock multi-
elements standard containing 100 mg/L S and 5 mg/L B, Cu, Fe and Zn. Calibration 
checks was applied after every tenth sample during the experimental runs. The multi-
element standard was prepared from potassium sulphate and 1000 ppm Fisher B, Cu, 
Fe and Zn calibration standards.  The prepared standard was always checked by 
running on the ICP-OES against a known standard (Qmx Laboratories Ltd, UK).  
The micronutrients data were then converted to µg/g DW, and the macronutrients 
converted to %DW as previously mentioned. LODs were calculated based on the 0.35 
g initial dried weight and were; 2.217, 0.301, 3.365 and 0.525, and 19.12*10-4 %DW. 
the averaged concentration of B, for example, in the bottom of the stem at harvest is 
13.4 µg/g DW using nitric acid digestion which is more than 6-fold greater than its 
LOD. In comparison, the averaged concentration in the Kjeldahl digest is 7-fold less 
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according the initial DW (0.1 g) and the final dilution volume (50 ml). Therefore, the 
averaged concentration of B in the bottom of the stem is 1.91 µg/g DW which is less 
than its LOD of 2.217 µg/g DW.  Since two methods of digestion has been used, K 
was also determined in stem and roots tissue sections at harvest following the 
microwave-assisted nitric acid digestion for the purpose of comparison between the 
two methods. 
3.3.5 Data analysis 
The final concentration of P, K, Mg, Ca, Na and S was determined as a percentage of 
dry weight (%DW). The final concentration of Mn, B, Cu, Fe and Zn was determined 
as µg per g of dry weight (µg/g DW). Data were analysed as described in Section 2.3.6 
(page 63) where analysis of variance (ANOVA) was applied to study the effect of the 
crop type, variety and tissue section, and the interaction between them on the 
concentration of each macronutrient and micronutrient at growth stages GS 6.2/6.3 
and harvest. The proportion of total and partial variance in each mineral nutrient 
accounted for each treatment affect was reported as omega squared (ω²) and partial 
omega squared (ω²p). The TukeyHSD analysis at 1 % significant level was used as a 
Post Hoc test when overall significant differences were observed. Pearson correlation 
analysis was performed on all 2926 possible combinations of the 77 traits (11 mineral 
elements and seven tissue sections) using variety means. Two samples t-test was 
conducted to study the effect of two different digestion methods, Kjeldahl and 
microwave-assisted digestion, on K concentration (K-H2SO4 and K-HNO3), t statistic 
(t), P value and standard error of difference (SED) were reported. All statistical 
analysis were performed using the R environment for statistical computing and 
graphics (version 3.3.2, 2016).  
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3.4 Results 
Stem, root and seed tissue samples were taken from plants grown in the absence of 
supplemental fertiliser from fourteen B. napus genotypes at GS 6.2/6.3 (n = 3) and 
from thirty genotypes at harvestable maturity (n = 5) and subjected to minerals 
analysis to quantify six macronutrients (P, K, Mg, Ca, S and Na) and five 
micronutrients (B, Cu, Fe, Mn and Zn). The variation in the two groups of nutrients 
across two growth stages in addition to the relationship between all quantified 
nutrients was analysed. 
3.4.1 Variation in macronutrient concentrations at GS 6.2/6.3 
Analysis of variance (ANOVA) between two treatments [tissue x genotype] was 
performed across all macronutrients. ANOVA revealed significant differences (P 
<0.00005) between tissue type and variety in addition to the interaction between the 
two treatment factors. A large proportion of the partial variance in macronutrient 
concentrations were attributed to tissue type and ranged from 69 % in Na to 97 % in 
Ca, whereas genotype attribution ranged from about 11 % in Ca to 64 % in S, in 
contrast to about 0.4 and 14 %, respectively, of the total variance (Appendix 2, Table 
1). Figure 3.1 shows that, as an average among all genotypes, the pattern of mineral 
accumulation is considerably different across the seven plant tissues. For example, the 
top of the plant represented by the seeds and the top of the stem (Stem T) display a 
tendency to accumulate high concentration of S (0.36 and 0.34 %DW, respectively) in 
contract with other tissues, whereas seeds and Stem T possessed the lowest Na 
concentration (0.0038 and 0.0334 %DW, respectively). The bottom of the stem (Stem 
B) displayed the highest concentration of P and Ca; [P] varied between 2- and 7-fold 
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in seeds and tap root, respectively. Interestingly, [Ca] varied between 15- and >52-
fold in Stem T and taproots, respectively. In comparison, [K] was at the lowest level 
in the Stem B (0.17 %DW) and varied between 4.7-fold in taproots and 10-fold in the 
middle of the stem (Stem M). The average concentration of six macronutrients varied 
by more than two orders of magnitude in Stem B from 0.08 %DW (Mg) to 15 %DW 
(Ca), and in seeds from 0.004 %DW (Na) to 1 %DW (K) (Figure 3.1 and Appendix 3, 
Table 1 to 6). Numerous significant differences between tissue types were found (P 
<0.0001) among the macronutrients. However, it was observed that difference 
between the two section of taproots (T.root B and T.root T) was not significant (P 
>0.05) among all macronutrients.  
There is moderate variation in the concentration of six macronutrients among the 14 
B. napus genotypes across all analysed tissues of stem, roots and seeds Figure 3.1. 
Lateral roots (L.root) macronutrient concentrations varied from 2.1-fold (K) to 5.6-
fold (S), both taproot sections (T.root B and T.root T) varied from >1.5-fold (Ca) to 
>4-fold (S). Stem B element concentrations varied from 1.9-fold (Ca) to 5.6-fold (Na), 
moreover, in Stem M elements varied between 1.4-fold for Ca and 4.4-fold for Na. 
The variation in the Stem T ranged between 2.1- and 3.2-fold for S and Na, 
respectively (Figure 3.1 and Appendix 3, Table 1 to 6).  
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Figure 3.1 Variation in macronutrient concentrations across different 
tissues among 14 genotypes of Brassica napus at GS 6.2/6.3. 
Six macronutrient concentrations (% dried weight, DW); P, K, Mg, Ca, Na 
(Kjeldahl-digest) and S (HNO3-digest) were determined by ICP-OES. Data 
are the variety means (n=3). The lower and upper boundaries of the box 
represent the 25 and 75 percentiles, respectively. The solid and dashed lines 
within the box represent the median and mean, respectively. Whiskers 
closest and farthest to zero represent the smallest and largest non-outliers in 
the data set, respectively. Circles represent outliers. 
P
- - - -
- - - - - - - -
- - - -
- - - - - - - -
- - - -
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
K
- - - -
- - - - - - - -
- - - -
- - - -
- - - -
- - - -
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
Mg
- - - -
- - - -
- - - -
- - - - - - - -
- - - -
- - - -
0.03
0.06
0.09
0.12
0.15
0.18
0.21
0.24
0.27
0.30
Ca
- - - -
11
14
17
21
- - - -
- - - - - - - -
- - - -
- - - -
- - - -
0.2
0.6
1.0
1.4
1.8
2.0
S
- - - -
- - - - - - - -
- - - -
- - - -
- - - -
- - - -
0.06
0.12
0.18
0.24
0.30
0.36
0.42
0.48
0.54
0.60
0.66
L.
ro
ot
T.
ro
ot
 B
T.
ro
ot
 T
St
em
 B
St
em
 M
St
em
 T
Se
ed
s
Na
- - - -
- - - - - - - -
- - - -
- - - -
- - - -
- - - -0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
L.
ro
ot
T.
ro
ot
 B
T.
ro
ot
 T
St
em
 B
St
em
 M
St
em
 T
Se
ed
s
CHAPTER 3                                     Variation in Mineral Elements Concentration in B. napus     
106 
 
3.4.2 Variation in micronutrient concentrations at GS 6.2/6.3 
Significant differences were found between tissue type and genotype (p >0.00001) in 
concentration of five micronutrients as well as significant interaction between tissue 
and genotype according to the analysis of variance. The largest proportion of the total 
variance attributed to tissue type ranged between 34 % for Cu and 88 % for Mn, 
whereas genotype attribution ranges between 1.8 % for Fe and 18 % for B in contrast 
to 14 and 52 %, respectively, of the partial variance. ANOVA tables according to the 
model [tissue x genotype] in addition to value of ω² and ω²p were shown (Appendix 2, 
Table 2). 
Similar to macronutrients, and as an average among all genotypes, these five 
micronutrients varied by more than two orders of magnitude form 0.545 µg/g DW for 
Mn (Stem B) to 140 µg/g DW for Fe (L.root). Moreover, the accumulating pattern of 
these micronutrients differ remarkably between the seven plant tissue types Figure 3.2. 
For example, seeds tend to display the highest concentration of Mn and Zn (26.5 and 
40.3 µg/g DW, respectively), while the two taproot sections possess a higher 
proportion of B and Fe than the stem and seeds. It was observed that [Mn] in the 
bottom of the stem (0.54 µg/g DW, Stem B) was significantly (P <0.00001) less than 
Stem M, Stem T and seeds, and enormously varied more than 13-, 19- and 48-fold, 
respectively. There was also more than 6.5-fold of variation in [Fe] between L.root 
and Stem B, and in [Zn] between seeds and Stem B Figure 3.2 below and (Appendix 
4, Table 1 to 5).  
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Figure 3.2 Variation in micronutrient concentrations across different 
tissues among 14 genotypes of Brassica napus at GS 6.2/6.3. 
Five micronutrient concentrations (µg/g dried weight, DW); B, Cu, Fe, Zn 
(HNO3-digest) and Mn (Kjeldahl-digest) were determined by ICP-OES. Data 
are the variety means (n=3). The lower and upper boundaries of the box 
represent the 25 and 75 percentiles, respectively. The solid and dashed lines 
within the box represent the median and mean, respectively. Whiskers closest 
and farthest to zero represent the smallest and largest non-outliers in the data 
set, respectively. Circles represent outliers. 
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Most of the differences between tissue types were significant (P <0.0001). However, 
similar to macronutrients, the difference between the two sections of the taproots was 
not significant (P >0.05) among all micronutrients except Fe. Furthermore, differences 
in [Zn] between stem and taproots were also not significant (P >0.05). Genotypic 
variation was reported in the concentration of these five micronutrients among the 14 
genotypes across seven tissue types; L.root [micronutrients] varied between 1.8-fold 
for B and 3.2-fold for Fe, taproots varied between >1.6-fold for B and >3.3-fold for 
Cu. The variation ranged from 1.5-fold for Cu to 8.6-fold for Zn in Stem B, form 1.3-
fold for B to 4.9-fold for Fe in Stem M, from 1.4-fold for Cu to 4.1-fold for Zn in Stem 
T and from 1.3-fold for Fe to 1.7-fold for Cu in seeds (Figure 3.2 and Appendix 4, 
Table 1 to 5). 
3.4.3 The relationship between all mineral nutrients at GS 6.2/6.3 
To establish the relationship between all mineral elements within one tissue as well as 
between tissues, Pearson correlation analysis was conducted on all possible 2926 pair-
wise combinations of the 77 traits (11 mineral elements and seven tissue types) using 
variety means. Out of all combinations, 276 significant (P <0.05, df =12) and positive 
(r >0.53) pair-wise correlations were observed, of which 65 and 211 were within and 
between tissues, respectively Figure 3.3 below. The strongest correlation within 
tissues found (r =0.87, P =5.5*10-5) between Cu and S in the bottom of the taproot 
(T.root B), whereas between tissues (r =0.98, P =4.3*10-10) was in P between the two 
tissue types of taproot; T.root B and T.root T. Three strong positive pair-wise of 
associations found within all root tissues and top of the stem (Stem T); S/Ca (0.73< r 
<0.84, but this relationship was moderate and not significant in T.root B; r =0.45, P 
>0.05), Mg/P (0.63< r <0.71) and S/Mg (0.68< r <0.75). 
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Figure 3.3 Pair-wise correlation analysis of all 77 traits in 14 
genotypes of B.napus using genotype mean at GS 
6.2/6.3. 
77 traits of 11 mineral elements and seven tissue types of roots (L.root, 
T.root B and T.root T), stem (Stem B, M and T) and seeds. The lower 
triangle represents all 2926 possible pairs-wise correlations. The upper 
triangle represents only significant (P >0.05) correlations. Correlation 
coefficients panel are scaled from -1 (dark brown) to +1 (dark blue).  
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There were also three positive relationships only within root tissues, which ranged 
from strong association in K/P (0.67< r <0.77) to moderate association in Mg/K (0.56< 
r <0.59) and S/P (0.51< r <0.54, but this was not significant in T.root B; P >0.05). 
Furthermore, Positive correlation (0.54< r <0.62) in Cu/B observed within L.root, 
Stem B and seeds.  There were strong positive correlations (0.73< r <0.87) in Cu/S 
within taproot tissues, whereas it was strong negative correlation (r =-0.65, P <0.05) 
in Stem M. In addition, Ca and Mg were significantly associated only within three 
tissues; L.root, Stem B and Stem T (r =0.58, 0.65 and 0.70, respectively). Cu and Mg 
were strongly correlated (0.73< r <0.77) within both taproot tissues. Zn positively 
correlated (0.57< r <0.76) with Ca and Cu within both L.root and T.root T, and with 
B only in L.root. The strongest positive correlations in Stem B were between B/S, 
Mn/Mg, Mn/S and Mn/B (0.69< r <0.81), and in Stem M were between B/Mg and 
Cu/P (r = 0.73 and 0.69, respectively); all P <0.01. Fe and Mg were very strongly 
associated within both Stem T (r =0.84) and seeds (r =0.79), moreover, very strong 
correlations were reported in Stem T concentrations of B and Mg (r =0.83) and B and 
Ca (r =0.81); all P <0.0005, and in seeds concentrations of Ca and P (r =0.79) and Zn 
and P (r =0.76); all P <0.005. 
The strongest positive relationships between tissues were in concentrations of P, Na, 
K, Cu, B and S between both taproot tissues (r >0.94, P <3.6*10-7), in [S] between 
Stem M and Stem B (r =94), in [Na] and [S] between T.root B and L.root (r =0.93 and 
92, respectively), in [Na] between T.root T and L.root (r =91), in [Mg] between T.root 
T and T.root B (r =0.89),  between S in seeds and Ca in L.root (r =0.88) and between 
B in Stem T and S in Stem M (r =0.87); all P <0.00005. 
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92 significant (P <0.05, df =12) and negative (r <-0.53) pair-wise correlations were 
mostly observed in the above ground tissues, of which 4 and 88 were within and 
between tissues, respectively Figure 3.3 (page 109). The only four negative 
relationships were within Stem M Cu/S and Na/K (r =-0.65 and -0.54, respectively), 
seeds Mn/K (r =-0.59) and T.root B Mn/P (r =-0.54). On the other hand, the strongest 
negative relationships between tissues were observed between seeds [Mg] and the 
concentration of S, Mg and Cu in taproot tissues (-0.86< r <-0.72), between [Ca] in 
T.root T and seeds [Fe] (r =-0.72), between [Ca] in T.root T and Stem M [Cu] (r =-
0.71) and between [Na] in Stem M and [K] in T.root T (r =-0.69); all P <0.006. 
3.4.4 Variation in macronutrient concentration at harvest 
Analysis of variance was conducted across all macronutrients according to the model 
[(croptype/genotype) x tissue]. Significant differences (P >2.7*10-15) between three 
treatments in addition to the interaction between them. Tissue type accounted for the 
largest proportion and ranged from 23 % (Na) to 87 % (P) of the total variance in 
macronutrient concentrations, whereas crop type explained only between 0.2 % (P) 
and 7 % (Ca) of the total variance. The second largest proportion of the total variance 
attributed to the interaction between crop type, genotypes and tissue, ranged from 4.4 
% (P) to 25 % (S). ANOVA tables and proportions of the total and partial variance 
accounted for all factors is given in Appendix 5, Table 2. Macronutrient concentrations 
differed greatly across seven tissues of root, stem and seeds as an averaged among all 
crop types and genotypes, for example, seeds possessed the highest concentrations of 
P, S and Mg (0.81, 0.45 and 0.22 %DW, respectively) in contrast they possessed the 
lowest concentrations of K, Ca and Na (0.56, 0.43 and 0.0038 %DW, respectively) 
(Figure 3.4, and Appendix 6, Tables 1 to 6). 
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Figure 3.4 Variation in macronutrient concentrations across different 
tissues among 30 genotypes of Brassica napus at harvest. 
Six macronutrient concentrations (% dried weight, DW); P, K, Mg, Ca, Na 
(Kjeldahl-digest) and S (HNO3-digest) were determined by ICP-OES. Data 
are the variety means (n=5). The lower and upper boundaries of the box 
represent the 25 and 75 percentiles, respectively. The solid and dashed lines 
within the box represent the median and mean, respectively. Whiskers closest 
and farthest to zero represent the smallest and largest non-outliers in the data 
set, respectively. Circles represent outliers. 
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In comparison, Stem T displayed the lowest concentrations of P (0.06 %DW) and Mg 
(0.05 %DW), taproot displayed the lowest concentration of S (0.15 %DW), and Stem 
B possessed the greatest concentration of K, Ca and Na (1.71, 0.84 and 0.25 %DW, 
respectively). Interestingly, Na concentration was lower in seeds and varied between 
38.5- and 65.6-fold in Stem M Stem B, respectively. Differences between tissue types 
were significant (TukeyHSD, P <0.001) among all macronutrients except between; 
T.root B and T.root T across all macronutrients, all root tissues for Na and all stem 
tissues for S where differences were not significant (TukeyHSD, P >0.05). The 
averaged concentration of six macronutrients varied by more than two orders of 
magnitude within seeds from 0.0038 %DW (Na) to 0.81 %DW (P), and only by one 
order of magnitude within stem tissues between Mg (<0.088 %DW) and K (>1.2 
%DW). 
Genotypic variation across six macronutrient concentrations among 30 genotypes 
across seven tissue types was observed, L.root macronutrient concentrations varied 
from 3.4-fold for Ca to 10.7-fold for K, taproot tissues; T.root B and T.root T varied 
from 4.3- and 6.2-fold for S to 15.9- and 17.9-fold for K, respectively,  three stem 
tissue types; Stem B, Stem M and Stem T varied from 1.5-, 1.8- and 2.3-fold for Ca,  
to 15.2-, 18.6- and 20-fold for Na, respectively, and  seeds varied from 1.5-fold for 
Mg to 5.2-fold for S (Figure 3.4 and Appendix 6, Tables 1 to 6). Swede (averaged 
among six genotypes) possessed greater mean of lateral and taproot six macronutrient 
concentrations than other crop types; Spring (five genotypes) and Winter OSR (19 
genotypes). Swede had also greater mean of seeds macronutrient (P, K, Mg, S) 
concentrations than other crop types. Spring OSR possessed lower mean of L.root 
macronutrient concentrations (P, K, Mg, Na) and taproot (K, Mg, Na). Winter OSR 
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displayed greater mean of Stem B six macronutrient concentrations except for Na 
which was greater in Spring OSR than other crop types. Winter OSR had greater mean 
of Stem M macronutrients (P, K, Mg) in contrast Spring OSR had greater mean 
concentrations of S and Na than other crop types (Appendix 6, Tables 1 to 6). 
3.4.5 Variation in micronutrient concentration at harvest 
Significant differences (ANOVA, P >2.3*10-11) between genotype, genotypes, tissue 
and the interaction between them in concentration of five micronutrients. However, 
the differences between crop type in concentration of Mn and Zn was not significant 
(P >0.05). Tissue attributed to a large proportion of the total variance in micronutrient 
concentrations, and ranged between 19 % and 74 % for B and Zn, respectively, 
whereas, crop type attribution has not exceeded 5 % (Cu). Genotype accounted for 3 
- 44 % of the total variance in the concentration of Fe and B, respectively. ANOVA 
tables and proportions of the total and partial variance accounted for all treatment 
factors are shown in Appendix 5, Table 2. The accumulation pattern of these five 
micronutrients was different across all tissue types as an averaged among all crop types 
and genotypes. The greatest concentration of Mn and Zn (37 and 34.4 µg/g DW, 
respectively) was observed within seeds, Fe and Cu (252 and 3.56 µg/g DW, 
respectively) observed within L.root, and B (13 µg/g DW) observed within Stem B. 
In comparison, the lowest concentration of Cu, Zn and Mn (1.7, 7.1 and 9.2 µg/g DW, 
respectively) within Stem T, Fe (18.4 µg/g DW) within Stem M and B (~ 10 µg/g DW) 
within taproots. Interestingly, Fe concentration varied about 13.7-fold between L.root 
and Stem M (Figure 3.5 and Appendix 7, Tables 1 to 5). 
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Figure 3.5 Variation in micronutrient concentrations across different 
tissues among 30 genotypes of Brassica napus at harvest. 
Five micronutrient concentrations (µg/g dried weight, DW); B, Cu, Fe, Zn 
(HNO3-digest) and Mn (Kjeldahl-digest) were determined by ICP-OES. Data 
are the variety means (n=5). The lower and upper boundaries of the box 
represent the 25 and 75 percentiles, respectively. The solid and dashed lines 
within the box represent the median and mean, respectively. Whiskers closest 
and farthest to zero represent the smallest and largest non-outliers in the data 
set, respectively. Circles represent outliers. 
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Differences in micronutrient (Cu, Fe, Zn) concentrations were significant (TukeyHSD, 
P <0.003) between T.root B and T.root T, but differences in [B] and [Mn] were not 
significant (, P >0.05). Furthermore, there were no significant differences (TukeyHSD, 
P >0.05) in [Cu] and [Fe] between three stem tissue sections, and also in [Mn] and 
[Zn] between Stem M and Stem T; all P >0.05, TukeyHSD. 
Genotypic variation across five micronutrient concentrations among 30 genotypes 
across seven tissue types was observed, L.root varied between 3.6-fold for [Fe] and 
6.1-fold for [Cu], T.root B varied between 2.4-fold  for [Zn] and 11.5-fold for [Mn], 
T.root T varied between 3.4-fold for [B] and 9.2-fold for [Fe], Stem B varied between 
2.2-fold for [Fe] and 8.8-fold for [Mn], Stem M varied between 2.8-fold for [B] and 
7.1-fold for [Mn], Stem T varied between 2.5-fold for [Cu] and 8-fold for [Zn] and 
seeds varied between 1.5-fold for [Mn] and 3.3-fold for [Cu] (Figure 3.5 above and 
Appendix 7, Tables 1 to 5). Swede crop type (averaged among six genotypes) 
possessed the highest mean of lateral and taproots five micronutrient concentrations. 
In comparison, Winter OSR (averaged among 19 genotypes) possessed the lowest 
mean of lateral root micronutrients (Cu, Fe, Mn, Zn) as well as the lowest mean of 
taproot micronutrients (Cu, Fe, Mn) concentrations, whereas Spring OSR (averaged 
among five genotypes) possessed the lowest mean of B and Zn concentrations within 
taproot and B concentration within L.root. Swede possessed the lowest mean of stem 
and seeds tissues macronutrient (B, Fe, Mn, and Zn) concentrations, whereas Spring 
OSR had the lowest mean of Cu concentration within three stem tissue types. 
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3.4.6 The relationship between all mineral nutrients at harvest 
Pearson correlation analysis was performed on all possible 2926 pair-wise 
combinations of the 77 traits (11 mineral nutrients and seven tissue types) using 
genotype means in order to elaborate the relationship between mineral elements within 
and between tissues. Out of all combinations, 490 significant (P <0.05, df =28) and 
positive (r >0.36) pair-wise correlations were reported, of which 122 and 368 were 
within and between tissues, respectively Figure 3.6 below. The strongest correlation 
within tissues (r =0.91, P =2.5*10-12) observed between Ca and P in the top of the 
taproot (T.root T), whereas between tissues (r =0.97, P =5.4*10-18) found between B 
concentration in the bottom and middle of the stem. Many other pair-wise positive 
relationships were reported within multiple tissues. For example, Ca/Mg within all 
tissues, ranged very strong (r =0.9, P =1.9*10-11, T.root T) to moderate correlation (r 
=0.42, P =0.02, seeds), Mg/P within roots (0.61< r <0.85), seeds (r =0.82) and Stem 
B (r =0.45), Ca/P within taproot (0.57< r <0.91), seeds (r =0.52) and Stem B (r =0.37), 
S/Ca within roots (0.48< r <0.83) and Stem T (r =0.51), Zn/Mn within roots (0.57< r 
<0.79), Stem B (r =0.52) and Stem T (r =0.47), S/Mg within roots (0.53< r <0.75) and 
Stem B (r =0.48), S/P within roots (0.37< r <0.74) and seeds (r =0.53), Mn/Fe within 
roots (0.58< r <0.7) and Stem M (r =0.45), Mg/K within L.root, T.root B, Stem B and 
seeds (r =0.71, 0.65, 0.42 and 0.52, respectively), K/P within L.root, Stem B and seeds 
(r =0.54, 0.55  and 0.67, respectively), S/K within L.root (r =0.43), stem (r =~0.45) 
and seeds (r =0.52), Zn/Fe within L.root, T.root B, stem and seeds (0.4< r <0.54) and 
B/Mg within roots and Stem M (0.38< r <0.64), Mn/S within L.root and T.root T (r 
=0.6 and 0.66, respectively).  
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Figure 3.6 Pair-wise correlation analysis of all 77 traits in 30 genotypes 
of B.napus using genotype mean at harvest. 
77 traits of 11 mineral elements and seven tissue types of roots (L.root, 
T.root B and T.root T), stem (Stem B, M and T) and seeds. The lower 
triangle represents all 2926 possible pairs-wise correlations. The upper 
triangle represents only significant (P >0.05) correlations. Correlation 
coefficients panel are scaled from -1 (dark brown) to +1 (dark blue).  
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Furthermore, there were two combinations of pair-wise relationships within L.root, 
T.root T and seeds; Zn/S (0.47< r <0.6) and B/Na (0.41< r <0.45). In addition, there 
were five pair-wise combinations within root tissues; Mn/Ca (0.71< r <0.73), Fe/Ca 
(0.41< r <0.68), Zn/B (0.48< r <0.67), Zn/Na (0.45< r <0.59) and Mn/B (0.37< r 
<0.53). The strongest positive relationships between tissues were in concentrations of 
B, Na, Mn and Zn between stem tissue types (0.78< r <0.97), in concentration of Na, 
B, K, Ca, S, Zn and P between taproot tissues (0.78< r <0.91), in concentration of K, 
Na, B, S and Mg between L.root and T.root B, and between L.root and T.root T  (0.77< 
r <0.89), in B concentration between Stem T and T.root B (r =0.82), in B concentration 
between Stem M and T.root B (r =0.75), in Zn concentration between Stem T and 
T.root T (r =0.77), in Zn and B concentration between Stem B and T.root B (r =~0.73), 
and between [Cu] within Stem B and [S] within T.root T (r =0.78); all P >4.4*10-6 
Figure 3.6 above. 
124 significant (P <0.05, df =28) and negative (r <-0.36) pair-wise correlations were 
also reported, of which 8 and 116 were within (only within above ground tissues) and 
between tissues, respectively Figure 3.6. The eight negative correlation combinations 
were Na/P (-0.4> r >-0.46) within all stem tissues, Cu/P within Stem M (r =-0.49) and 
Stem B (r =-0.47), and Zn/B, Zn/Na and Cu/S (r =-0.5, 0.4 and -0.39, respectively) 
within seeds. In comparison, the strongest negative correlations between tissues 
observed between [Na] in Stem T and [K] within all root tissue types (-0.7< r <-0.58), 
between [Na] in Stem M and [K] within all root tissue types (-0.55< r <-0.66), between 
[P] in Stem B and [S] in T.root T (r =-0.57), between [P] in Stem M and [Cu] in T.root 
T (r =-0.57) and between [Na] in Stem B and [K] in T.root T and L.root (r =-0.55); all 
P <0.003. 
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3.4.7 Comparison between both stages GS 6.2/6.3 and harvest 
11 mineral elements were independently analysed during the growth stages GS 6.2/6.3 
and harvest. Genotypic variation within tissues and between tissues were studied as 
well as the relationship between these nutrients. 14 genotypes of B. napus L. were 
shared between the two different stages. Therefore, combining the two stages together 
to elucidate differences in mineral nutrient concentrations in every tissue was of 
interest. Variation in macro and micronutrient concentrations were observed among 
two stages within seven tissue types. Significant differences (ANOVA, P <0.0001) in 
all mineral concentrations within tissues between the two stages were observed. The 
effect of stage on macronutrient concentrations within tissue ranged from 2.3 % for 
Mg to 52 % for Ca of the total variance, whereas on micronutrient concentrations 
ranged between 3 % for Zn and 9 % for Cu and B. Tissue also, as previously reported, 
accounted for a large proportion of the total variance and ranged between 
macronutrients from 28 % for K to 81 % for Mg, and between micronutrients from 15 
% for B to 79 % for Zn. ANOVA tables according to the model [stage x tissue x 
genotype] in addition to total and partial variance were shown in Appendix 8, Table 
1. 
Different patterns of mineral concentrations observed between tissues as an average 
among 14 genotypes in addition to genotypic differences within tissues across two 
stages. Stem tissue types possessed significantly lower concentration of P at harvest 
than the seed development stage GS 6.2/6.3, ranged between 6.9-fold (0.17 – 1.18 
%DW, Stem B) and 1.7-fold (0.11 – 0.19 %DW, Stem M). Seeds possessed higher P 
concentration at harvest (1.2-fold, 0.62 – 0.75 %DW), however varietal differences 
were reported, for example, there was no difference in P concentration between both 
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growth stages among varieties FD502, Grizzly and Tapidor DH (Figure 3.7 and 
Appendix 3 and 6, Table 1). 
The bottom of the stem had significantly greater K concentration (10-fold, 0.18 – 1.8 
%DW), whereas seeds displayed significantly lower K concentration (1.8-fold, 0.57 – 
1.04 %DW) at harvest than GS 6.2/6.3. Moreover, varietal differences in K 
concentration were revealed. For instance, Sun and Yudal had significantly greater 
(~2-fold) and lower (3.8- to 6-fold), respectively, concentration of K within all root 
tissues at harvest (Figure 3.8 and Appendix 3 and 6, Table 2).  In comparison, Stem B 
possessed significantly greater concentration of Ca (18-fold, 0.85 – 15.3 %DW), 
whereas seeds exhibited lower concentration (1.3-fold, 0.34 – 0.43 %DW) at GS 
6.2/6.3 than harvest. Furthermore, there were genotypic variation within tissues. For 
example, Darmor and FD502 displayed no differences in Ca concentration between 
both stages, however they significantly varied 2.5-fold (0.53 – 1.35 %DW at harvest 
and GS 6.2/6.3, respectively, Darmor) and 2-fold (0.68 - 1.38 %DW at harvest and GS 
6.2/6.3, respectively, FD502) within Stem T (Figure 3.9 and Appendix 3 and 6, Table 
4). 
Significant differences in seed Mg concentration (1.3-fold) between two stages were 
found where seeds had greater concentration at GS 6.2/6.3 (Appendix 9, Figure 1). 
Roots and Stem B tissues displayed higher concentration of S at harvest than GS 
6.2/6.3. Nonetheless, genotypic variation clearly existed (Appendix 9, Figure 2). There 
were also varietal differences in Na concentration within tissues, for example, Na 
concentration significantly differed between growth stages within the taproot of Sun 
(Appendix 9, Figure 3).  
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Figure 3.7 P concentration across seven tissues between two growth 
stages (GS 6.2/6.3 and harvest) among 14 Brassica napus 
genotypes. 
Data are genotype mean ± SEM (n=3 and n=5 at GS 6.2/6.3 and harvest, 
respectively). 
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Figure 3.8 K concentration across seven tissues between two growth 
stages (GS 6.2/6.3 and harvest) among 14 Brassica napus 
genotypes. 
Data are genotype mean ± SEM (n=3 and n=5 at GS 6.2/6.3 and harvest, 
respectively). 
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Figure 3.9 Ca concentration across seven tissues between two 
growth stages (GS 6.2/6.3 and harvest) among 14 
Brassica napus genotypes. 
Data are genotype mean ± SEM (n=3 and n=5 at GS 6.2/6.3 and harvest, 
respectively). 
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Three root tissue and two stem tissue types (Stem B and Stem M) had significantly 
greater concentration of B at harvest than GS 6.2/6.3, with a variation of ~1.5-fold 
(roots), 1.8-fold (Stem B) and 1.4-fold (Stem M) in contrast seeds B concentration 
decrease at harvest, with a difference of 1.2-fold. Interestingly, Tapidor DH possessed 
significantly higher B concentration (averaged 23.5 µg/g DW) within all root and stem 
tissues at harvest than other 13 varieties (averaged 11.8 µg/g DW), but nevertheless 
seeds possessed lower concentrating (8.2 µg/g DW) than genotype mean (8.8 µg/g 
DW). In comparison, NK Bravour had the lowest B concentration within root and stem 
tissues (averaged 9.1 µg/g DW). Nonetheless, seeds possessed similar concentration 
to seeds of cultivar Tapidor DH (Figure 3.10 below and Appendix 4 and 7, Table 1). 
Concentration of Mn had increased within all tissue types except the top of the stem 
at harvest and significantly differed from GS 6.2/6.3 within Stem B (28-fold, ranged 
0.38 – 0.70 µg/g DW at GS 6.2/6.3 and 8.52 – 31.52 µg/g DW at harvest) and seeds 
(1.4-fold, ranged 23.1 – 29.9 µg/g DW at GS 6.2/6.3 and 31 - 47.3 µg/g DW at 
harvest). Mn concentration was lower at harvest among all genotypes except Sun 
which had a greater concentration of Mn at harvest (20.3 µg/g DW) than GS 6.2/6.3 
(10.8 µg/g DW) (Figure 3.11 and Appendix 4 and 7, Table 4). Concentration of Cu 
had decreased within stem and seeds at harvest and significantly differed from GS 
6.2/6.3 within Stem B (2.2-fold) and seeds (1.4-fold). However, genotypic variation 
was observed across all tissues; for instance, there was no significant difference 
between two stages of Royal and Winner within seeds, and among varieties Canberra 
and Winner within Stem M (Appendix 9, Figure 4) and (Appendix 4 and 7, Table 2). 
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Figure 3.10 B concentration across seven tissues between two 
growth stages (GS 6.2/6.3 and harvest) among 14 
Brassica napus genotypes. 
Data are genotype mean ± SEM (n=3 and n=5 at GS 6.2/6.3 and harvest, 
respectively). 
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Figure 3.11 Mn concentration across seven tissues between two 
growth stages (GS 6.2/6.3 and harvest) among 14 
Brassica napus genotypes. 
Data are Data are genotype mean ± SEM (n=3 and n=5 at GS 6.2/6.3 
and harvest, respectively). 
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Genotypic variation was also reported in Fe and Zn (Appendix 9, Figure 5 and 6, 
respectively). For example, Darmor and FD502 possessed significantly lower 
concentration of Fe at harvest (both 20.5 µg/g DW) than GS 6.2/6.3 (88.5 and 85.6 
µg/g DW, respectively) within Stem T. In contrast there was not a significant 
difference between two stages among varieties such as Sun and Canberra (Appendix 
4 and 7, Table 3). Furthermore, both Darmor and FD502 possessed lower 
concentration of Zn at harvest (3.8 and 5.3 µg/g DW, respectively) than GS 6.2/6.3 
(8.7 and 23.3 µg/g DW, respectively) (Appendix 4 and 7, Table 5). 
3.4.8 Comparison between Kjeldahl and HNO3 digestion method 
Two digestion methods; Kjeldahl and Microwave-assisted HNO3 digestion had been 
used to determine 11 mineral nutrients. K was determined within stem and root tissue 
types at harvest following both digestion methods in order to compare between them. 
K concentration; K-Kjeldahl and K-HNO3 (% of dried weight, DW) determined by 
ICP-OES as described previously in Section 3.3.4.1 and Section 3.3.4.2. Two samples 
t-test was conducted for K concentration in Kjeldahl and HNO3. There was not a 
significant difference (t (916) =1.54, P =0.125, SED =0.0283) in K-Kjeldahl (1.1922 
%DW) and K-HNO3 (1.1967 %DW). Correlation analysis revealed a very strong 
association between the two methods (r =0.989, P <0.0001, df =915), where K-HNO3 
can be predicted according to the model 𝑦 = 0.969𝑥 + 0.041. Genotype mean of K 
concentration and SEM within root and stem tissue types is shown in Figure 3.12. 
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Figure 3.12 Comparison in K concentration (%DW) between two 
digestion methods. 
K concentration determined within root and stem tissue among 30 
Brassica napus genotypes at harvest following two digestion methods; 
Kjeldahl and microwave-assisted HNO3. Data are genotype mean + 
SEM (n =5). 
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3.5 Discussion 
Having determined six macronutrients (P, K, Mg, Ca, S and Na) and five 
micronutrients (B, Cu, Fe, Mn and Zn) concentration within seven plant tissue types 
of root, stem and seeds at two growth stages (GS 6.2/6.3, n =3 and harvest, n =5) from 
a number of field-grown B. napus L. genotypes (14, GS 6.2/6.3 and 30, harvest), 
mineral concentrations were found to vary significantly between the seven tissue types 
measured at both growth stages.  
The concentration of 11 mineral nutrients varied by greater than five orders of 
magnitude from 0.54 ug/g for Mn (Figure 3.2 and Appendix 4, Table 4) to 153209 
ug/g for Ca (Figure 3.1 and Appendix 3, Table 4) within Stem B at GS 6.2/6.3, whereas 
only two order of magnitude were observed between the same pair of elements at 
maturity. Within the other tissues, a maximum of three orders of magnitudes were 
observed at both stages. For example, between Cu and K within seeds at harvest. In 
comparison, four order of magnitudes were reported previously in B.napus among the 
same panel of mineral elements analysed in the present study between Cu and K, 
within leaves across a diversity collection of 387 genotypes grown under non 
controlled conditions in a polytunnel (Thomas et al., 2016) and within 30-day old 
shoot across a large diversity collection of 509 genotypes grown under controlled 
conditions (Bus et al., 2014).  Moreover, three order of magnitude were reported 
within mature seeds (Thomas et al., 2016). The composition of mineral nutrients 
varied within and between tissues as previously indicated and in accord with the 
finding of the present study. However, minerals compositions was found to vary 
between growth stages which is also in agreement with Rose et al. (2007) who 
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demonstrated that K and P concentrations varied within the same plant organs between 
different developmental growth stages of B. napus plants under controlled conditions. 
In the present study, for example, K concentration decreased at GS 6.2/6.3 in the 
sequence; Stem M >Stem T >seeds >L.root >T.root B >T.root T >Stem B. Whereas K 
decreased at maturity in the sequence; Stem B >Stem M >Stem T > L.root > T.root B 
>T.root T > seeds. The considerable loss of K from OSR stems at harvest has been 
previously reported (Rose et al., 2007). In the current study, Stem B possessed 1.7 
%DW of K comparing to 0.8 %DW within taproot. This retention of K would be the 
equivalent of ca. 30 and 24 kg K/ha as calculated from the residues remaining within 
the 2.5 and 5 g DW of Stem B and taproot, respectively, per plant (See Chapter 2).  If 
sufficient amount of K had already been transported to seeds at maturity (0.6 %DW) 
these substantial amounts of residual K found within the stem and root would explain 
the inefficiency of OSR in utilising K. 
P concentration decreased at GS 6.2/6.3 in the sequences; Stem B >seeds >L.root 
>Stem T >Stem M> T.root T >T.root B, whereas at maturity decreased in the order; 
seeds >L.root >T.root T >T.root B >Stem B >Stem M >Stem T. Mature seeds P  
concentration averaged 0.81 %DW, in consistent with a reported concentration of 0.73 
%DW averaged among three genotypes (Rose et al., 2007) and 0.92 %DW (Thomas 
et al., 2016). Moreover, ~0.2 %DW of P was retained in the root system at maturity 
which leads to a quantity of 6 kg P/ha remains within every 5 g DW of root per plant. 
This is approximately double that found in the stem averaged from the three sections. 
this is in agreement with (Rose et al., 2007) whom reported a higher P loss with the 
roots than the stem and leaves. These results could highlight the inefficient 
mechanisms applied by plants to redistribute and utilise P, in particular, roots P. 
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However, substantial variations and significant genotypic differences were observed 
in roots. 
The composition of mineral elements within the root system varied between lateral 
root and taproot where L.root possessed significantly greater mineral concentrations 
than taproot.  There is no any previous study that investigated the composition of 
mineral elements within lateral root and taproot separately. Averaged across three root 
tissues, K was found in the greatest concentration followed in descending order by; 
Ca, P, Na, S, Mg, Fe, Mn, Zn, B and Cu, moreover, the concentration of P, Mg, Fe, 
Mn, Zn and Cu were found to be greater in root than stem. In comparison, Baxter et 
al. (2012) who investigated differences in mineral contents on 96 wild genotypes of 
Arabidopsis thaliana grown hydroponically for five weeks, reported that root had the 
greatest of K followed in the descending order by; S, P, Ca, Mg, Fe, Na, Zn, Mn, Cu 
and B. However, all mineral except Ca, Mg and B found to be in higher concentration 
in roots than leaves.  
Macronutrient concentrations within mature seeds as an average across the 30 
genotypes were 0.81 for P, 0.6 for K, 0.44 for S, 0.43 for Ca, 0.22 for Mg and 0.004 
for Na; all %DW. In contrast, micronutrient concentrations of 52 for Fe, 37 for Mn, 
34 for Zn, 8.5 for B and 2.5 for Cu; all µg/g DW, were reported. In comparison with 
the present study, Thomas et al. (2016) showed that seeds possessed macronutrient 
concentration of 0.92, 0.98, 0.80, 0.30, 0.43 and 0.0015 %DW for P, K, S, Ca, Mg and 
Na, respectively. In contrast, micronutrient concentrations of 42, 46, 54 and 3.2 µg/g 
DW for Mn, Zn, B and Cu, respectively, were found. In this study a large diversity 
collection of 389 genotypes were used in comparison with 30 genotypes used in the 
present study, which might account for the differences in the averaged mineral 
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concentrations. The lack of fertiliser application in the current study might explain the 
reason why seeds had low mineral concentrations. 
However, in the study of  Rose et al. (2007), seeds possessed 0.73 and 0.61 %DW of 
P and K, respectively, averaged among three Australian canola genotypes, in 
consistent with the present study. Thomas et al. (2016) found that Swede plants 
possessed significantly greater S concentration in their seeds than Winter and Spring 
OSR which is consistent with the present study. In fact, Swede possessed a higher 
concentration of all mineral elements when compared to other crop types within its 
lateral roots and taproot. It has not been possible to confirm these findings since there 
was no such study performed on any B.napus that investigated minerals composition 
within roots among different crop types. Furthermore, Swede had lower mean 
concentration of all micronutrients (B, Cu, Fe, Mn and Zn) and P in consistent with 
Bus et al. (2014) whom illustrated that shoot micronutrients and P concentration is 
lower among Swede plants than Winter and Spring OSR. However, in the same study, 
Swede croptype exhibited greater mean of shoot macronutrients (K, Mg, Ca, S and 
Na) which inconsistent with the present study which showed that Winter OSR 
possessed greater K, Mg and Ca concentrations and Spring OSR greater S and Na 
concentrations than other crop types. In the study of Thomas et al. (2016), the 11 
mineral concentrations within leaf were lower among Swede than Winter and Spring 
OSR with a wide scale of variation within each crop type. 
B is an essential micronutrient for plant normal growth and development. OSR plants 
have a high requirement of B and are very sensitive to B deficiency which in turn 
limits seed and oil production (Zhang et al., 2014). Thus, developing B-efficient 
genotypes is of great importance. The cultivar Ningyou 7 was previously identified as 
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a B-efficient genotype whereas Tapidor DH identified as a B-inefficient genotype (Liu 
et al., 2009a). In the present study, Tapidor DH was identified as an outlier as it 
possessed the greatest B concentration among all of the genotypes tested. This was 
found in all root and stem tissues, Tapidor averaged 23.5 µg/g DW, while Ningyou 7 
had a low concentration, averaged 13.7 µg/g DW. In contrast, the two genotypes were 
approximately identical in seed B concentration (8 µg/g DW) (Figure 3.10 and 
Appendix 7, Table 1) which reflects the efficiency and inefficiency characteristics of 
Ningyou 7 and Tapidor DH, respectively. However, some genotypes such as NK 
Bravour had a lower B concentration (averaged 9.2 µg/g DW) within all root and stem 
tissues than Ningyou 7 but no significant difference in that found in the seeds [B]. This 
finding suggest that NK Bravour is a B-efficient genotype that could be genetically 
exploit in the future to improve B use efficiency and identify genes which regulate B 
uptake, accumulation and remobilisation. Interestingly, a significant difference 
between Tapidor DH and Tapidor ADAS was observed. Tapidor ADAS possessed a 
lower concentration of B within both root and stem tissues, averaged 10.8 µg/g DW, 
while seeds exhibited a greater concentration of 10.7 µg/g DW. This suggests that the 
genetic material derived from the same founder had diverged between both genotypes, 
something which has not been reported previously. 
The present study identified many different mineral-efficient genotypes. For example, 
PI271452 possessed a low P concentration across root and stem tissues, which 
averaged 0.06 %DW (ranged 0.04 -0.09 %DW), with seeds that contained 0.9 %DW. 
In comparison, the cultivar NK Bravour had the greatest averaged concentration of 
0.22 %DW within root and stem tissues and even lower than PI271452 in seeds P with 
0.76 %DW. The cultivar Vige DH1 was found to possess the highest concentration of 
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P within its taproot which exceeded 0.48 %DW and in contrast a low concentration 
within the stem tissues that averaged 0.07 %DW, while seeds contained approximately 
a similar concentration to PI271452. Interestingly, the genotype PI271452 had the 
greatest Zn concentration within all root and stem tissues, averaged 20.64 µg/g DW. 
In comparison, the genotype NK Bravour had the lowest concentration, averaged 6.4 
µg/g DW, with seeds possessed about 5 µg/g DW greater than PI271452. Likewise, 
these results might suggest that PI27145 is P-efficient but Zn-inefficient genotype and 
NK is P-inefficient and Zn-efficient genotype. These contrasting characteristic in 
mineral distribution within these genotypes could assist in identifying genes governing 
P and Zn accumulation and their redistribution in B. napus. 
3.5.1 Mineral nutrients natural variation 
As shown above natural variation in mineral nutrient concentrations was observed 
between all sampled tissues of root, stem and seeds at both plant growth stages, 
particularly at maturity. For example, among 30 genotypes at maturity, T.root T 
macronutrient concentrations varied 15.9-fold for K, 11.3-fold for P, 9.3-fold for Mg, 
9-fold for Ca, 7.2-fold for Na and 6.2-fold for S (Figure 3.4 and Appendix 6, Tables 1 
to 6), in contrast micronutrients varied for 9.2-fold for F, 5.5-fold for Mn, 4.8-fold for 
Zn, 3.9-fold for Cu and 3.4-fold for B (Figure 3.5 and Appendix 7, Table 1 to 5). As 
yet there is no any previous study that investigated the composition of mineral 
elements within root system in a similar or larger scale of diversity collection in B 
.napus or other Brassica species. In a different species such as A. thaliana, root 
macronutrients varied 10.2-fold for Na and less than 2.3-fold for Ca, K, Mg, P and S, 
while micronutrients varied 9.2-fold for Mn and 1.9- to 3.6-fold for Zn, Cu, B and Fe. 
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Furthermore, among three stem tissue types, Stem B macronutrient concentrations 
varied 5.5-, 5.1-, 3.3-, 2.3-, 1.5- and 15.2-fold for P, K, Mg, S, Ca and Na, respectively, 
in contrast micronutrients Mn, Cu, Zn,  B and Fe varied 8.8-, 6.0-, 3.9-, 2.6- and 2.2-
fold, respectively. In comparison, in the study of Bus et al. (2014) reported that 
macronutrient concentrations in 30-day old shoot of B. napus genotypes varied 
micronutrient concentrations varied ca. 2-fold for Ca and K, 6-fold for P, 1.6-fold for 
Mg, 2.3-fold for S and 2.7-fold for Na, whereas micronutrients varied ca. 5-fold for 
Mn, 2.5-fold for B and Cu, 3.5-fold for Fe and Zn. In a different study, there was 3-
fold variation in shoot [K] after 37 days of vegetative growth in controlled conditions 
(Damon et al., 2007). 
In their study Liu et al. (2009a) investigated shoot mineral nutrient concentrations 
(seven minerals in comparison with the present study) among 162 segregating lines of 
the TNDH mapping population grown under low B supply, reported  2-fold of 
variation (0.42 – 0.85 %) in [P],  1.5-fold (1.8 – 2.8 %) in [Ca], 1.5-fold (0.32 – 0.47 
%) in [Mg], 6-fold (1.8 – 11.2 µg/g) in [Cu], 2.2-fold (32 – 70 µg/g) in [Zn], 10.4-fold 
(90 – 940 µg/g) in [Fe], and 2.9-fold (3.6 – 10 µg/g) in [B]. Moreover, limited variation 
between the Tapidor DH and Ningyou 7 parents of the TNDH mapping population 
was observed in shoot mineral concentrations, for instance, [P] only ranged from 0.7 
%DW in Tapidor DH to 0.65 %DW in Ningyou 7 while in the present study significant 
differences were reported between both genotypes. The rosette leaf macronutrient 
concentrations varied 2-fold (P), 2.1-fold (K), 2.5-fold (S), 2.6-fold (Mg), 3-fold (Ca) 
and 3.4-fold (Na), while the micronutrient concentrations varied 1.8-fold (Fe), 2.7-
fold (Cu), 2.8-fold (Zn), 4.7-fold (B) and 6-fold (Mn) (Thomas et al., 2016). In a 
different Brassica species, significant variation in shoot P concentration of 
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approximately 5-fold (ranged between 0.1 and 0.5 %DW) and 2.8-fold (ranged 
between 0.2 and 0.56 %DW) was reported among 355 accessions of B. oleracea grown 
under glasshouse conditions at low and high P supply, respectively (Hammond et al., 
2009), variation of 2.3-fold (ranged between 0.35 and 0.80 %DW) in Mg 
concentration, 2-fold in Ca concentration (ranged between 1.7 and 3.3 %DW) 
(Broadley et al., 2008), ca. 2.3-fold of in K concentration (ranged between 2.8 and 6.6 
%DW) (White et al., 2010) and a wide scale variation observed in shoot Zn 
concentration (ranged from traces to 663, and to 223 µg/g DW under low and high P 
supply, respectively) (Broadley et al., 2010). 
Seeds macronutrient concentrations varied 1.9-fold for P, 2.5-fold for K, 1.5-fold for 
Mg, 1.6-fold for Ca and 5.2-fold for S, while micronutrients varied 2-fold for B, 3.3-
fold for Cu, 1.6-fold for Fe, 1.5-fold for Mn and 2.2-fold for Zn. In comparison, among 
diversity collection of 398 genotypes of B. napus, there were genotypic variation in 
seeds macronutrient concentrations of 1.7-fold for P, 2-fold for K, 2.1-fold for Mg, 
3.1-fold for Ca, 7.5-fold for S and 14-fold for Na, in contrast there were genotypic 
variation in seeds concentration of four micronutrients of 2.7-, 2.8- 3.4- and 5.8-fold 
for Zn, Cu, B and Mn, respectively (Thomas et al., 2016). In a different study, K 
concentration varied 1.3-fold, ranged from 0.54 to 0.7 %DW (Rose et al., 2007), in 
comparison with a range of 0.39 – 0.98 %DW in the present study. The findings of the 
present study in addition to the findings of previous studies suggest that mineral 
nutrients composition in B. napus is under genetic control. However, the plant organs 
are independently regulated. 
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3.5.2 Mineral nutrients relationship 
In this chapter, 11 mineral nutrient concentrations have been quantified within every 
plant tissue types at two growth stages. The relationships among these mineral 
concentration were evaluated by analysis of Pearson correlation. Interestingly, most 
of the pair-wise relationships; 65/69 at GS 6.2/6.3 Figure 3.3 (page 109) and 122/130 
at maturity Figure 3.6 (page 118), between mineral nutrients within all tissue types 
were positive. Likewise, Bus et al. (2014) reported positive pair-wise relationships 
between the same 11 mineral concentrations within 30-day old shoot of B. napus, and 
Thomas et al. (2016) reported positive relationships between 21 mineral concentration 
(including the 11 minerals determined in the present study) within rosette leaf. 
Therefore, it is believed that there are shared pathways involved in minerals uptake 
and accumulation of the correlated nutrients, or pleiotropic gene effects among those 
associated mineral nutrients. This was previously demonstrated in B. napus through 
QTLs colocalisation between Ca/Mg, B/P, and B/Cu (Liu et al., 2009a), in A. thaliana 
between Ca/K and Mn/Zn (Vreugdenhil et al., 2004) and in B. oleracea between Ca 
and Mg (Broadley et al., 2008). On the other hand, the relationships between mineral 
nutrient concentrations in the present study were tissue-specific. For example, strong 
correlations were interestingly observed between S/Mg, S/Ca and Mg/P within only 
all root tissues and Stem T. In the recent study of Thomas et al. (2016) investigating 
leaf and seeds mineral nutrients composition in B. napus, it was observed that the 
pattern of relationships among nutrient concentrations varied between leaf and seeds. 
Likewise, In the study of  Buescher et al. (2010) and Baxter et al. (2012) on A. 
thaliana, reported that the relationships between mineral concentrations were tissue-
specific and varied among root, leaf and seeds. Some of the pair-wise correlations in 
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the present study varied according to the growth stage. For example, a significant 
positive association between Ca and Mn (r =0.7, P <0.00001) observed within all root 
tissues only at maturity, and between Zn and Mn (0.47< r <0.79, P <0.0093) observed 
within all root tissues and Stem B and Stem T at maturity. These result can suggest 
that the relationships among mineral nutrient concentrations were also plant age-
specific. 
There was no any association among mineral nutrient concentrations between rosette 
leaf and seeds of B. napus either between the same element or different pairs of 
elements (Thomas et al., 2016). This is inconsistent with the present study where there 
were strong positive correlations (0.56< r <0.82, P <0.0013) between both taproot 
tissues and all of the three stem tissues in the mineral elements (B, Cu and Zn), 
between later root and each of the three stem tissues (0.41< r <0.61, P <0.05) in the 
mineral nutrients (B, Cu and Na), between seeds and all three root tissues (0.40< r 
<0.60, P <0.05) in S concentration and between seeds and all three stem tissues (0.44< 
r <0.49, P <0.016) in Na concentration. Likewise, in the study of Baxter et al. (2012), 
significant positive correlations were observed between the root and leaf grown 
hydroponically in minerals composition such as Mo, Zn and P (r =0.93, 0.51 and 0.28, 
respectively). Furthermore, very strong associations were observed between all root 
tissue types in the minerals (Na, S, P, Ca, Mg, K, B, Zn, Cu and Mn). 
Several pair-wise relationships were previously reported in B. napus among the same 
11 minerals determined in the present study; within 30-day old shoot (0.54< r >0.64) 
between Mn/B, Mn/Cu, Mn/Zn, Ca/Mg, Ca/Na, Zn/Cu and Zn/Fe (Bus et al., 2014), 
and within rosette stage leaves (0.50< r >0.88) between Ca/Mg, Mg/Na, Ca/Na, 
Ca/Mn, Mn/Fe, Mn/B, S/Na, S/P and S/Mg (Thomas et al., 2016). In the study of Liu 
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et al. (2009a), there were significant correlation between Ca/Mg, Ca/P and Cu/Fe, 
Zn/B, Cu/B in the shoot. The strong relationships between Zn/Fe and Mn/Zn were also 
reported within leaf of B. rapa L. (Wu et al., 2007) All of these pair-wise relationships 
except Ca/Na were observed in the present study, in addition to many other strong 
positive associations were also observed at both growth stages, GS 6.2/6.3 Figure 3.3 
(page 109) and maturity Figure 3.6 (page 118) despite the fact that these associations 
were tissue-specific as previously elucidated. 
In the study of Thomas et al. (2016), the strongest positive relationships within seeds 
found between B and Na (r =0.40) and between S and Zn (r =0.47) in consistent with 
the correlation coefficient reported in the present study (r =0.41 and 0.47, 
respectively), however several stronger correlations were found, for example, between 
Mg/P, Cu/Na, K/P, Na/P, S/P, Ca/P (r = 0.82, 0.73, 0.69, 0.66, 0.53, 0.52, respectively, 
P <0.0034). This relationship between P and the cations Mg, K, Na and Ca might 
reflect the storage role of phytates, the mineral cation-salt of phytic acid (C6H18O24P6), 
to these cations since phytates are the principle storage form of P in plant tissues, 
particularly in seeds (Campbell et al., 1991; Lott et al., 2000). In OSR, phytates 
constitute the majority (75 -80 %) of the total seeds P concentration (Peng et al., 2001), 
mainly in the form of Ca, Mg and K phytate salts (Yiu et al., 1982; Ockenden et al., 
2004). Negative correlations (r >-0.46) were reported within seeds between, Zn/B, S/B 
and Ca/K (Thomas et al., 2016). In the present study, negative relationship between 
Zn and B (r =0.50, P <0.0054) was also observed as well as between Zn/Na and Mn/S 
(r =0.40, P <0.031). Nonetheless, the associations between Zn/B and Zn/Na were 
significantly positive within all root tissues. 
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Such relationship between Ca and Mg has been reported previously in B. napus with 
a Ca:Mg ratio of  > 6.5 observed in the shoot (Broadley et al., 2004; Liu et al., 2009a; 
Bus et al., 2014), 1.3 in leaves (ranged from 1.0 to 1.7) and 0.7 in seeds (ranged from 
0.38 to 1.5) (Thomas et al., 2016). This relationship was also reported within different 
plant species, a ratio of 4.4 in root and 6 in leaf observed in A. thaliana (Baxter et al., 
2012) and ~4.1 (ranged from 3.2 to 5.6) observed in the shoot of B. oleracea (Broadley 
et al., 2008). Likewise, the present study showed that the ratio of Ca to Mg is tissue-
dependent as well as developmental stage-dependent. The ratios of Ca to Mg at the 
GS 6.2/6.3 and maturity, respectively were; 5.1 and 7.9 for L.root, 3.5 and 7.8 for 
T.root B, 4.3 and 9.1 for T.root T, 198.8 and 9.5 for Stem B, 8.1 and 11.9 for Stem M, 
14.7 and 13.4 for Stem T, and 1.3 and 1.9 for seeds. Wide variation in the ratio of 
Ca:Mg was existed among genotypes, for example, variation ranged from 6.7 to 18.3 
in Stem B and from 1.4 to 2.6 in seeds at maturity. It appears that these values of 
Ca:Mg ratio were, except Stem B, in a similar range as those reported previously 
within different plant organs in different species. The averaged value of this ratio 
within all root and stem tissue except Stem B was 6.9 at GS 6.2/6.3 and increased to 
9.1 at maturity which was due to an averaged increase of 0.066 %DW in Ca 
concentration as well as a decrease of 0.011 in Mg concentration. However, the 
increase in the Ca to Mg ratio in mature seeds was due to an increase of 0.09 %DW 
and a decrease of 0.05 in Ca and Mg, respectively. At maturity mean Ca concentration 
in the root increased to about 1.6-fold of its concentration at GS6.2/6.3 which might 
reflect on the relative immobility of Ca through the phloem from old tissues where 
mature cells have tendency to sequestrate Ca in the vacuoles, the mechanism which 
regulated by Ca2+/H+ antiporters encoded by CAX genes in A. thaliana and 
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autoinhibited Ca2+-ATPases encoded by ACA4 and ACA11 (White and Broadley, 
2003; Lee et al., 2007; Maathuis, 2009). In addition to the antagonistic relationship 
between Mg and other cations such as NH4
+
, K, Ca and Na in the soil, there is also a 
competitive relationship between these cations and Mg for binding sites of several 
proteins within the plant which in turn limits Mg acquisition into root and translocation 
to different tissue in the plant (Merhaut, 2007). It was not possible to compare the 
value of Ca to Mg ratio, in particular, in the bottom of the stem which interestingly 
ranged from 138 to 282 among 14 genotypes at GS 6.2/ 6.3, with other studies due to 
the lack of previous published research that investigated minerals composition either 
within different sections of plant organs nor different developmental growth stages. 
This extremely high value was mainly due the great Ca concentration of 15.3 %DW 
which is significantly decreased from to only 0.84 %DW at maturity. In previous 
studies, shoot Ca concentration of ~2.6 %DW, ranged approximately from 2.0 to 3.8 
%DW  (Bus et al., 2014), and 2.44 %DW (Broadley et al., 2003) were reported in B. 
napus. It might be speculated that the bottom of the stem operated as a Ca buffering 
store during the vegetative growth until early stages of seeds development for later re-
translocation to seeds when it was needed during late seed developmental stages and 
maturity since large proportion of Ca located in the seed coat.
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4 Chapter 4 Changes in Protein Profile During 
the Life Cycle of Brassica napus L.  
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4.1 Introduction 
As described in the main introduction plants assimilate essential nutrients into various 
compounds where, these nutrient elements are stored for later use (Staswick, 1994; 
Hell and Mendel, 2010; Marschner, 2012a). For example plants absorb N from the soil 
in mineral forms such as NO3
- and NH4
+ which are assimilated into amino acids in the 
vegetative tissue. These amino acids are required by cell through numerous 
metabolism pathways, especially for protein synthesis, for the optimum plant growth 
and development (Daniel-Vedele et al., 2010; Hawkesford et al., 2012).  
It was reported by Ulas et al. (2013) that at the onset of flowering stores of N are 
equally distributed between OSR plant stem and leaves. In contrast, by the end of 
flowering approximately 40 % of the total shoot N has been shown to be located in 
pod walls (also known as valves) (Schjoerring et al., 1995). N is required for 
photosynthesis in these valves which is the primary source of sugars used within seed 
development. The vegetative organs of OSR plants (stem, taproot and leaves) are 
crucial components in supplying N during these seed development stages. However, 
the maximum quantity of N recovered from the seeds has not been found to exceed 70 
% of the total plant N (Gombert et al., 2010; Zhang et al., 2010). This has been 
presumed to be as a direct result of inefficient mechanisms responsible for the 
translocation of N to siliques during seed filling stages (Schjoerring et al., 1995; 
Rossato et al., 2001). This is believed to be a self-evident consequence of the high 
percentage of N losses due to leaf drop (>15 % of total plant N) (Rossato et al., 2001) 
as well as the relatively high quantity of residual N (16 %) found at maturity within 
the stem (Ulas et al., 2013) or within both stem and root (26 %) (Rossato et al., 2001). 
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Protein is the primary store of N in the vegetative parts of the plants. Enzymes are 
involved in the degradation process through which N is released and redistributed 
mainly to the reproductive parts of the plant (Masclaux-Daubresse et al., 2010). A 
putative 23 kDa VSP has been previously identified in the taproot of B. napus which 
is thought to play a role as a storage buffer for N loss from senescing leaves (Rossato 
et al., 2001). Further evidence for the role of this protein is currently lacking. Several 
VSPs has been observed previously in various herbaceous (Staswick, 1994) and 
woody (Stepien et al., 1994) plant species and has been described in chapter 1. These 
proteins are also thought to play numerous roles in the plants due to their multiple 
biological activities. The importance of such proteins as storage proteins can therefore 
sometimes be forgotten due to other attributed functions. 
4.2 The aim of this chapter 
This chapter aims to identify possible vegetative storage proteins (VSPs) and/or other 
key genes involved in N remobilisation within B.napus L. plants at different growth 
stages. This was investigated through analysis of soluble protein profiles of several 
tissues of the root, stem and pod walls using SDS-PAGE technique. Followed by 
protein identification on gel protein bands varied between the plant developmental 
stages. In addition, the impact on the expression of putative VSPs was investigated 
through altering the sink-source relationship. 
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4.3 Materials and methods 
4.3.1 Plant culture 
Seeds of two varieties of B.napus L. Tapidor DH (Winter) and Ningyou7 (semi-
Spring) were collected from Warwick Genetic Resources Unit at Warwick Crop 
Centre at the University of Warwick. One seed was planted per rounded plastic pot 
(235 mm diameter X 220 mm height); each contained Levington M2 compost (Scotts 
Miracls-Gro Company, UK; containing 192 mg/L N, 98 mg/L P and 319 mg/L K) as 
growing medium and placed randomly in the glasshouse compartment (40 m2) for their 
entire lifecycle at Warwick Crop Centre. The glasshouse was set to a temperature of 
15 °C day and night, with automatic ventilation at 17 °C day and night, and 
supplementary lighting (400 W high pressure sodium luminaires) to provide a 16 hour 
light period. Light threshold was set to switch off above 300 W/m2. The shade screen 
was set to close when external light level goes above 500 W/m2.  
Plants were irrigated as necessary with 4 ml/L liquid feed Vitafeed 214 (Vitax Limited, 
Coalville, Leicester, UK), an NPK [16-8-32] fertiliser with 0.09 % magnesium oxide 
and Mn, Fe, Cu, B and Molybdenum (Mo) to provide trace elements to meet plant 
growth requirements of mineral nutrients. Insecticide and fungicide were applied to 
control pests and diseases following the Horticulture Service standards and as 
necessary. After two months of growth in the glasshouse, Tapidor DH plants were 
transferred to a 5 °C vernalisation room with 8 hour light period (start at 08:00 and 
stop at 16:00 hours) for a period of 6 weeks to trigger flowering since it has very strong 
requirements of vernalisation (Qiu et al., 2006), and then returned to the glasshouse. 
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4.3.2 Plant sampling 
Plants were sampled at five different growth stages (GS) codded according to 
Sylvester-Bradley and Makepeace (1984); 
I. Rosette stage GS 2.0; prior to stem elongation, samples collected at this 
developmental stage were labelled (VC). 
II. The beginning of flowering GS 4.0;  when one to five flowers were observed 
on the main inflorescence, samples collected from at this stage were labelled 
(C). 
III. The end of flowering GS 4.9; when more than 90 % of all buds were opened, 
occurred approximately a month after the onset of flowering, samples 
collected from at this stage labelled (C1). 
IV. Seed development stage GS 6.4; when plants had all potential pods and most 
seeds were green-brown mottled, occurred approximately two months after 
the onset of flowering, samples collected at this stage labelled (C2). 
V. Maturity; when all siliques were yellow, samples collected at this stage 
labelled (C3).  
Three plants were collected at each different developmental stage. Plants were then 
separated into different tissue types of root, stem and pod walls as appropriate for the 
developmental stage reached. Plant root were collected at all sampling stages, washed 
with deionized water (dH2O) prior to sectioning and divided into the taproot (T.root) 
and lateral root (L.root).  A section of 10 cm or what was available from the bottom 
of the stem (Stem B) was also collected at all sampling stages, while a section from 
the top of the stem (Stem T) below the first pod on the main inflorescence was sampled 
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from the onset of flowering until maturity stages. The inflorescence stems which 
holding the siliques (Stem S) in addition to the silique walls were only collected from 
the end of the flowering until maturity stages. All plant tissues were separated into two 
parts for soluble protein extraction and RNA extraction. The sampled tissues were 
immediately packed into 50 ml centrifuge tubes and kept in liquid nitrogen during 
sampling and sectioning time and later were stored at -80 °C prior to protein extraction 
for soluble protein profiling or RNA extraction for QRT-PCR. 
4.3.3 Effect of sink-source status experiment 
In addition to the control plants which were sampled at different growth stages as 
described above, a deflowering (DF) and depodding (DP) experiment was performed 
in the glasshouse under same conditions previously described on both Ningyou 7 and 
Tapidor DH which was imitated at the beginning of flowering in order to monitor 
changes in putative VSPs and other proteins during flowering and seed filling stages.  
The group of plants assigned for deflowering were subjected to the removal of the top 
of the main inflorescence stem at end of bud development stage prior to flowering (GS 
4.0). This was followed by day-to-day removal of newly formed buds before becoming 
followers until the end of experiments which is maturity comparing with non-
deflowered and non-depodded plants (control plants). Three deflowered plants were 
sequentially harvested in parallel with the control plants at only the three occasions 
after flowering; GS 4.9, GS 6.4 and maturity as described above. The sampled tissues 
of root (T.root and L.root) and stem (Stem B and Stem T) collected form the 
deflowered plants at the stage GS 4.9 were labelled (DF1), while the samples collected 
at the stage GS 6.4 and maturity were labelled (DF2) and (DF3), respectively. 
CHAPTER 4                                Change in Protein Profile During The Life Cycle of B. napus     
149 
 
Similarly, the group of plans assigned for depodding were subjected to continuous 
pods removal. Formed pods were removed on day-to-day basis from being observed 
(less than 1 cm length) until the end of the experiment which is maturity stage 
comparing to control plants. Three depodded plants were sequentially harvested and 
sampled in parallel with the control plants at only the three GS after flowering; GS 
4.9, GS 6.4 and maturity as described above. The sampled tissues of root (T.root and 
L.root) and stem (Stem B, Stem T and Stem S) collected form the depodded plants at 
the stage GS 4.9 were labelled (DP1), while the samples collected at the stage GS 6.4 
and maturity were labelled (DP2) and (DP3), respectively.  All plant tissues were 
separated into two parts for soluble protein extraction and RNA extraction. The 
sampled tissues were immediately placed into 50 ml centrifuge tubes and kept in liquid 
nitrogen during sampling and sectioning time, and later were stored at -80 °C until 
either soluble protein extraction for SDS-PAGE or RNA extraction for QRT-PCR. 
4.3.4 Soluble protein extraction 
Soluble proteins were extracted following the extraction method described by Rossato 
et al. (2001). Two grams of fresh plant tissue were ground by pestle and mortar with 
liquid nitrogen to a fine powder. The grounded tissues were mixed with 14 ml of 50 
mM Tris buffer (pH 7.5) containing 10 μM leupeptin, 2 mM phenylymethylsulphonyl 
fluoride (PMSF), 1 mM Ethylenediaminetetraacetic acid (EDTA), and 0.1 % β‐
mercaptoethanol (βME). The mixture was centrifuged at 5000 g for 10 min. In the case 
of root samples, 1 mg/ml of protamine sulphate were added to the supernatant. The 
remaining supernatant was then transferred to 2 ml Eppendorf tubes and stored at -
80°C until needed. 
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The 2 ml tubes were centrifuged at 18000 g for 12 min. the remaining supernatant 
were received sodium deoxycholate (0.15 %) for 10 min. the mixture was then 
received trichloroacetic acid (TCA, 7.2 %) and left on ice for 10 min.  The precipitated 
soluble proteins were centrifuged at 15000 g for 6 min. The obtained protein pellet 
were rinsed with acetone three times and re-suspended in Laemmli sample buffer 
(Laemmli, 1970) contained (62.5 mM Tris HCl pH 6.8, 2 % sodium dodecyl sulphate 
(SDS), 25 % glycerol, 0.03 % bromophenol blue and 5 % βME) , denatured for 8 min 
at 95°C and centrifuged at 10000 g for 1 min. The protein content was determined by 
using Bio-Rad RC DC protein assay kit based on the Lowry method (Lowry et al., 
1951) following the procedure provided with the kit and bovine serum albumin (BSA) 
was used as the standard protein. 
4.3.5 Protein analysis by SDS-PAGE 
Polyacrylamide gel electrophoresis (PAGE) is broadly used for separating proteins. 
Laemmli (1970) developed the most commonly used method that uses a discontinuous 
denaturing system buffer containing SDS. The denatured and negatively charged 
proteins migrate and separate according to their size in an electrical field. 
For SDS-PAGE analysis, 4 % acrylamide stacking gel and 12 or 15 % acrylamide 
resolving gel were used. The Tris/glycine/SDS electrophoresis buffer was used, 
containing (0.25 M Tris, 1.92 M glycine and 1 % SDS). 45 µl of the soluble protein 
was loaded into each well of the gel (long gel) and protein size standards were loaded 
into the outside-wells.  The gels were run for 3-4 hours at constant 200 volt. Gels then 
were stained in Coomassie blue R-250 (0.1 %) staining solution contained (50 % 
methanol, 10 % glacial acetic acid and 40 % water) for 5 hours and then de-stained 
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with de-stained solution (50 % methanol, 10 % glacial acetic acid and 40 % water) 
until the gel background was clear (Baines, 2001; Walker, 2009). 
4.3.6 In-gel band protein identification 
Three procedures needed to be able to identify proteins on any gel slices. Firstly, 
peptides need to be extracted from the gel. Secondly, the extracted peptides subject to 
mass spectrometry analysis. Lastly, the acquired MS-based spectra subject to 
proteomic database search. 
4.3.6.1 In-gel digestion and peptide extraction 
Protein bands of interest were separated from an SDS-PAGE gel by using a razor 
blade. The Coomassie stained gel pieces were processed and tryptically digested 
(Granvogl et al., 2007). Using the following 3-day protocol, gel pieces were subjected 
to sequential washing for 20 min at 50 °C with shaking in 50 mM ammonium 
bicarbonate (ABC) until the gel pieces became de-stained, and then dehydrated for 5 
min at 55 °C in absolute ethanol. Gel pieces were incubated with 50 mM ABC 
containing 10 mM dithiothreitol (DTT) at 56 °C for 40 min to reduce disulphide bonds. 
Cysteine resides were then alkylated in 50 mM ABC containing 55 mM iodoacetamide 
at room temperature in the dark. Gel pieces were washed twice with 50 % ethanol in 
50 mM ABC, and then dehydrated in absolute ethanol for 5 min at room temperature. 
Afterwards, trypsin protease (2.5 ng/µl) was added to gel pieces and incubated at 37 
°C overnight in a water bath. Trypsin cleaves proteins into smaller peptides on the C-
terminal side Lysine (K) or Arginine (R) residues except when they are immediately 
followed by a Proline (P) residue (Martínez-Maqueda et al., 2013). This mixture was 
next subjected to sequential additions of 25 % acetonitrile containing 5 % formic acid 
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(three times) to terminate the digestion and then sonicated in a water-bath for 10 min. 
The supernatant which includes the extracted peptides was then transferred to a new 
Eppendorf tube and dried at 40 °C overnight in a speed vacuum concentrator (miVac 
Duo concentrator, Genevac). The dried samples were re-suspended in 2.5 % 
acetonitrile containing 0.05 % trifluoroacetic acid (TFA) and sonicated for 30 min. 
Afterwards, samples were centrifuged at 17000 g for 5 min and the supernatant 
transferred to a 1 ml glass vial. The extracted peptides were then analysed by means 
of nanoLC-ESI-MS/MS. 
4.3.6.2 Tandem mass spectrometry analysis 
The obtained tryptic peptides were analysed by means nanoflow liquid 
chromatography using a nanoAcquity UPLC system (Waters Corporation, Milford, 
MA, USA) prior to mass spectrometry analysis using. Two columns were utilised, a 
trapping column with the following physical characteristics, Symmetry C18, 180 µm 
internal diameter, 20 mm length, 5 µm particle size and 100 Å pore size (Waters 
Corporation, USA) and an analytical capillary column had the following physical 
properties, high strength silica (HSS) T3, 75 µm internal diameter, 150 mm length, 1.8 
µm particle size and 100 Å pore size (Waters Corporation, USA). The mobile phases, 
mobile phase A was consist of 0.1 % aqueous formic acid and mobile phase B was 
consist of 0.1 % formic acid in acetonitrile. A linear gradient of 5 – 40 % mobile phase 
B over 15 min was utilized with a total run time of 20 min. The eluted peptides were 
then ionised by means of electrospray ionisation with capillary voltage of 3.0 kV, 
sample cone voltage of 35 V and a source temperature of 80 ℃, and analysed by 
quadrupole time-of-flight tandem mass spectrometry on Q-TOF Ultima Global MS 
(Waters Corporation, Milford, MA, USA) in the Proteomics Service in the School of 
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Life Sciences at the University of Warwick. A survey scan of peptide precursors from 
300 to 1950 m/z were performed using positive ion mode and accurate mass on TOF 
MS, followed by MS/MS data-dependent acquisition using collision energy of 30 eV. 
Monoisotopic precursors ions with charge state 1 to 6 were selected during 0.7 s cycle 
time. The system was entirely controlled by MassLynx v4.0 software (Waters 
Corporation, Milford, MA, USA). 
4.3.6.3 Database search and protein identification 
The data obtained from the MS/MS data-dependent acquisition were than processed 
by MSConvert in ProteoWizard Toolkit v3.0.5759 and converted to pkl files. The pkl 
files were searched with Mascot engine (Matrix Science, v2.4.1) against B. oleracea, 
B. rapa and B. napus proteomes predicted from the published genome sequences 
(Wang et al., 2011b; Chalhoub et al., 2014; Parkin et al., 2014). Peptides were 
generated from a tryptic digestion with up to two missed cleavages as variable 
modifications. Precursor mass tolerance was set to 20 ppm and product ions were 
searched at 0.8 Da tolerances. The proteome software Scaffold v4.3.2  (Searle, 2010) 
used to validate tandem MS based peptide and protein identifications. Peptides 
identification threshold was set to 95 % probability assigned by the Scaffold local false 
discovery rate algorithm. Proteins identification threshold was set to 95 % probability 
assigned by the Protein Prophet algorithm (Nesvizhskii et al., 2003), and sustained a 
minimum of two unique peptides of those identified. 
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4.3.7 The entire proteomic profile at tissue level 
4.3.7.1 Protein and Peptide extraction  
The soluble proteins extracted from plant tissues were subjected to tryptic digestion 
for the purpose of analysing the whole proteomic profile of the tissue of interest. 
Following a modified method of filter-aided sample preparation (FASP) (Wisniewski 
et al., 2009), the obtained Protein pellet (described previously in section 4.3.4 were 
resuspended in 120 µl of SDT-lysis buffer (100 mM Tris-HCl pH 7.6, 4 % SDS and 
100 mM DTT) and heated at 100 °C for 10 min. The mixture was then centrifuged at 
17000 g for 5 min. 
The extract was transferred to a 10-kDa filter column (Amicon Ultra-0.5 ml, 
Millipore). 400 µl of 100 mM Tris-HCl buffer containing 8 M urea (UA) was added 
to the mixture and centrifuged at 14000 g for 40 min at room temperature, this step 
was repeated twice and the flow-through was discarded.  After incubating the mixture 
(with mixing at 600 rpm for 1 min and for 5 min without mixing) in 50 mM 
iodoacetamide (IAA) in UA solution, the filter unit was centrifuged at 14000 g for 30 
min. Sequential additions (three times) of 100 mM tris-HCl pH 8 containing 8 M urea 
to the filter unit and centrifuged for 40 min each time. Prior to incubating the mixture 
with trypsin (1/100 trypsin to protein) at 37 °C overnight, it was washed three times 
with 400 µl of ABC with a centrifuge for 40 min every time. Afterward, the filter unit 
was transferred to a new collection tube and centrifuged for 40 min. An addition of 50 
µl of 0.5 M sodium chloride was applied to the filter unit and centrifuged for 20 min. 
TFA was then added to the mixture to a final concentration of 0.5 % and transferred 
to a glass vial. The extracted peptide mixture was next desalted using ZipTip tips 
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(Millipore) following the manufacture protocol then analysed by means of nanoLC-
ESI-MS/MS by the Proteomics Service in the School of Life Sciences, University of 
Warwick. 
4.3.7.2 Tandem MS analysis and protein identification 
 The extracted peptides were first separated using reversed phase chromatography. 
Two column were used and installed on the Ultimate 3000 RSLCnano system (Thermo 
Scientific). First, an Acclaim PepMap µ-precolumn with the following physical 
properties, 300 µm internal diameter, 5 mm length, 5 µm particle size and 100 Å pore 
size (Thermo Scientific). Second, an Acclaim PepMap RSLC C18 with the following 
physical characteristics, 75 µm internal diameter x 25 cm length, 2 µm particle size 
and 100 Å pore size (Thermo Scientific). Mobile phase buffer A was composed of 0.1 
% formic acid in water and mobile phase buffer B composed of 0.1 % formic acid in 
acetonitrile. Samples were loaded onto the µ-precolumn equilibrated in 2 % aqueous 
acetonitrile containing 0.1 % trifluoroacetic acid for 8 min at a flow rate of 10 µL/min. 
Peptides were then eluted onto the analytical column at a flow rate of 300 nL/min 
where the mobile phase B concentration increased from 3 % B to 35 % over 40 min 
then to 90 % B over 5 min. This was followed by a 15 min re-equilibration at 3 % B. 
The eluted peptides were then subjected to ESI and converted to gaseous ions, and 
analysed by Q-OT-qIT mass spectrometry on Orbitrap Fusion (Thermo Scientific) in 
the Proteomics Service in the School of Life Sciences at the University of Warwick. 
A survey scan of peptide precursors were recorded at a resolution of 120000 full width 
at half maximum (FWHM) at 200 m/z with an automatic gain control (AGC) target of 
4 × 105.  Spectra were acquired using a scan range from 350 to 1500 m/z.  Tandem 
MS analysis was performed with the precursor isolation window width was set to 1.6 
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m/z, the normalized collision energy was set to 35 in the higher-energy collisional 
dissociation cell for fragmentation, and rapid scan MS analysis in the ion trap. 
Monoisotopic precursor selection was turned on. Precursors with charge state 2 to 7 
were selected and sampled for MS2 where the AGC target was set to 104 and the 
maximum injection time was set to 200 ms. The dynamic exclusion duration was set 
to 45 s and with a mass tolerance of 10 ppm around the selected precursor and its 
isotopes. The instrument was run in top speed mode with 2 s cycles. The system was 
entirely controlled by the Thermo Scientific Xcalibur v3.0 software. 
The resulting MS/MS spectra were interrogated using the proteomic database of the 
three proteomes of B. oleracea, B. rapa and B. napus using Mascot Server version 
2.4.1 (Matrix Science). Peptides were generated from a tryptic digestion with up to 
two missed cleavages, carbamidomethylation of cysteines as fixed modifications, and 
oxidation of methionines as variable modifications. Precursor mass tolerance was set 
to 5 ppm and product ions were searched at 0.8 Da tolerances. The resulting data was 
then accessed using Proteome Software Scaffold v2.4.1 (Searle, 2010) as described 
above in section 4.3.6.3. 
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4.4 Results 
4.4.1 Soluble protein profiles 
To assess the variability in protein content during the growth and development of 
oilseed rape, two contrasting lines, Tapidor DH and Ningyou 7 (the female and male 
parents, respectively, of the reference TNDH mapping population), were grown in a 
glasshouse and changes in the soluble protein in different plant tissues at different 
development stages were detected by SDS-PAGE.  
Proteins of approximately 21 and 22 kDa were detected in the taproot and lateral roots 
at the beginning of flowering in the control plants of Ningyou 7 (Figure 4.1 gel lane 
C). These proteins were fully hydrolysed during seed development stages in the 
control plants (gel lanes C2 and C3). However, the removal of flowers and siliques 
did not increase the accumulation of these proteins in both the taproot and lateral roots 
(gel lanes DF1, 2, 3 and DP1, 2, 3).  
The accumulation of the ~21 kDa protein was substantially greater in lateral roots than 
in taproots. Nonetheless, a 17 kDa appeared to be the most dominant protein, 
particularly in lateral roots (Figure 4.1). The accumulation pattern of this protein did 
not show any significant change in the deflowered and depodded plants. To identify 
these proteins the gel bands were excised and subjected to protein identification 
following the previously described methodology. A full list of the identified proteins 
is summarised in the Table 1.1 
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Figure 4.1 Change in SDS-PAGE profile of soluble proteins in roots 
of Ningyou 7 variety. 
Soluble proteins extracted from taproots (left) and lateral roots (right) 
of Ningyou 7 genotype grown in glasshouse. Each well was loaded with 
a the same amount of soluble proteins (45 μg) and the position of 
molecular weight markers is indicated in between the two gel images. 
Columns C, C1, C2 and C3 indicate the control at the beginning of 
flowering, the end of flowering GS 4.9, the seed development stage GS 
6.4 and maturity, respectively, as described in section 4.3.2. DF1, DF2 
and DF3 indicate the deflowering plants at GS 4.9, GS 6.4 and maturity, 
respectively, in parallel with the developmental stages of the control 
plants. DP1, DP2 and DP3 indicate the depodding plants at GS 4.9, GS 
6.4 and maturity, respectively, in comparison with the control plants as 
described in section 4.3.3. A red ring indicates the bands that were 
excised for sequencing. 
 
A protein of 23 kDa was detected in plant tissues, taproot and lateral roots, of Tapidor 
DH during vegetative growth (Figure 4.2 gel lane CV) and the beginning of flowering 
(gel lane C). This protein was completely hydrolysed and disappeared after a month 
of flowering (gel lane C1) and during seed filling stages (gel lanes C2 and C3) of the 
control plants which initially suggested the possibility of it being involved in Nitrogen 
remobilisation. 
Furthermore, the 23 kDa protein reappeared in taproots and later in the deflowered 
plants after a month of flowering (gel lane DF1) and after three months of flowering 
(gel lane DF3) compared to control plants, whereas it was not visualised after two 
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months of flowering (gel lane DF2). Interestingly, the continuous removal of siliques 
did not increase or even retain the accumulation of the 23 kDa protein in the depodded 
plants in taproot and later roots (gel lanes DP1, 2 and 3). Moreover, The 23 kDa protein 
expression was accompanied with another protein that was smaller in the molecular 
weight and not as strongly stained as the 23 kDa protein Figure 4.2. 
 
Figure 4.2 Changes in SDS-PAGE profile of soluble proteins in 
roots of Tapidor DH variety. 
Soluble proteins extracted from taproots (left) and lateral roots (right) 
of Tapidor DH genotype grown in glasshouse. Each well was loaded 
with the same amount of soluble proteins (45 μg) and the size of the 
protein size standards loaded in the outside lanes is given. Lane CV 
indicates the control plant at the rosette growth stage. The rest of the 
lanes are as described in Figure 4.1 and section 4.3.2 and 4.3.3 Red rings 
indicate the band has been sequenced and the red arrow indicates the 23 
and 22 kDa proteins. 
 
The 23 kDa or the other smaller proteins were not detected in the bottom of the stem 
of Ningyou 7, whereas the 23 kDa protein was detected in Tapidor DH at the 
vegetative growth stage (the gel lane CV) and the beginning of flowering (Figure 4.3 
gel lane C). Continuous removal of either flowers or siliques did not increase the 
accumulation of these proteins in the bottom of the stem in either genotype. 
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Figure 4.3 Changes in SDS-PAGE profile of soluble proteins in 
bottom of the stem of Ningyou 7 and Tapidor DH 
varieties. 
Soluble proteins extracted from bottom of the stem of Ningyou 7 (left) 
and Tapidor DH (right) genotype grown in glasshouse. Each well was 
loaded with a constant amount of soluble proteins (45 μg) and the 
position of molecular weight markers is indicated on each side. The gel 
lane CV indicates the control plant at the rosette growth stage. The rest 
of the lanes are as described in Figure 4.1 and section 4.3.2 and 4.3.3. 
Red rings indicate the band has been sequenced and the red narrow 
indicates the 23 kDa protein. 
 
Figure 4.4 shows interesting changes in the accumulation pattern of some proteins at 
the top of the stem adjacent to the siliques (Stem S) and in the silique walls. A protein 
of approximately 25 kDa was detected after a month of flowering (gel lane C1), but 
completely disappeared after two months of flowering (gel lanes C2 and C3). 
However, a protein bigger than 30 kDa was detected in each time point in both tissues 
(gel lane C1, 2, 3), but its levels increased after two and three months of flowering in 
the stem adjacent to the siliques (gel lane C2 and C3 Stem S) but not in pod walls. 
Interestingly, several proteins between 23 and 30 kDa show an increased accumulation 
in silique walls after three months of flowering when senescence occurred (Figure 4.4 
gel lane C3 Siliques wall). These proteins were detected in both genotypes. 
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Figure 4.4 changes in SDS-PAGE profile of soluble proteins 
extracted from silique walls and the stem adjacent to 
siliques (stem S) of Tapidor DH. 
Each well was loaded with a constant amount of soluble proteins (45 μg) 
and the position of molecular weight markers is indicated on each side. 
Lanes C1, C2 and C3 indicate the control plants at three growth stages; 
the end of flowering GS 4.9, the seed development stage GS 6.4 and 
maturity, respectively. Stem S is the inflorescence stem which carries 
siliques as described in section 4.3.2. Red rings indicate the bands 
excised for sequencing. 
 
4.4.2  Protein identification of gel bands 
All protein bands of interested (indicated by a red ring across all figures) were excised 
from the gel, subjected to trypsin digestion as described in section 4.3.6 and analysed 
by means of nanoLC-ESI-MS/MS using the NanoAcquity/Ultima Global 
instrumentation (Waters). The highly accurate molecular weights of the tryptic digest 
fragments were used to screen a database of the molecular weights of an in silico 
 
   
CHAPTER 4                                Change in Protein Profile During The Life Cycle of B. napus     
162 
 
trypsin digestion of the proteins predicted from the published B. napus, B. oleracea 
and B. rapa genome sequences (refs). Table 4.1 lists the top matching candidate 
proteins for each of the bands analysed. This is based on the number of individual 
peptides that match a predicted peptide for a protein and the percentage of the overall 
protein these correspond to. The best matches identified for the 21, 22, 23 kDa gel 
protein bands in the taproot, lateral roots and the bottom of the stem, were trypsin 
inhibitors proteins, while the band for the 35 kDa protein from the stem adjacent to 
siliques was beta 1,3-glucanase, whereas the seed storage proteins dominated in pod 
walls.  
Table 4.1 Summary of the identified proteins from gel bands. 
The identified proteins for each tissue and gel band were ordered 
descending according to the number of exclusive unique peptides were 
identified. Accession names commence with Bo and Bra indicate that the 
proteins identified on B. oleracea and B. rapa genomes, respectively. 
Tissue and 
band size 
Protein name Accession 
Molecular 
weight (Da) 
Unique 
peptide 
count 
Coverage 
(%) 
            
T.root C 
(23 kDa) 
Trypsin inhibitor Bo6rg116580.1 23,255.9 3 27.1 
S-phase kinase-associated 
protein 1 (SKP1) 
Bo6rg085070.1,Bra003735 17,791.2 2 16.9 
Glutathione peroxidase Bo2g108730.1,Bra033140 25,363.0 2 10.5 
Trypsin inhibitor Bo6rg116640.1 17,409.6 2 8.3 
            
T.root C  
(22 kDa) 
Glutathione peroxidase Bo2g108730.1,Bra033140 25,363.0 5 24.0 
Water-soluble chlorophyll 
protein 
Bo02800s010.1 21,440.3 3 19.3 
Trypsin and  protease 
inhibitor 
Bra016002 23,546.1 2 15.0 
Wound-induced protein Bo3g058580.1,Bra001123 23,083.5 2 13.6 
Peroxiredoxin, putative Bo5g144820.1,Bra020782 21,378.0 2 11.0 
peptidyl-prolyl cis-trans 
isomerase 
Bra010728 18,310.7 2 9.9 
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Tissue and 
band size 
Protein name Accession 
Molecular 
weight (Da) 
Unique 
peptide 
count 
Coverage 
(%) 
L.root 
CV (23 
kDa) 
Protein of unknown 
function (DUF640) 
Bo3g036160.1,Bra000269 19,880.8 3 27.7 
Trypsin inhibitor Bo6rg116580.1 23,255.9 3 27.1 
copper chaperone Bra003234,Bra007230 13,650.8 2 22.0 
Trypsin and protease 
inhibitor 
Bra016002 23,546.1 2 15.0 
Unknown molecular 
function 
Bra010932,Bra030054 19,688.6 2 11.5 
Chitinase Bo5g133420.1,Bra034754 37,262.0 2 6.2 
            
L.root 
CV (22 
kDa) 
Water-soluble chlorophyll 
protein 
Bo02800s010.1 21,440.3 4 34.5 
Peroxiredoxin, putative Bo5g144820.1,Bra020782 21,378.0 5 31.5 
peptidyl-prolyl cis-trans 
isomerase 
Bra010728 18,310.7 3 18.0 
Trypsin and protease 
inhibitor 
Bra016002 23,546.1 2 15.0 
Peptidyl-prolyl cis-trans 
isomerase 
Bo8g090480.1,Bra007214 19,654.2 2 14.2 
Wound-induced protein Bo3g058580.1,Bra001123 23,083.5 2 13.6 
Glutathione peroxidase Bo2g108730.1,Bra033140 25,363.0 2 10.9 
            
L.root 
DF1 (23 
kDa) 
Protein of unknown 
function (DUF640) 
Bo3g036160.1,Bra000269 19,880.8 3 21.5 
Trypsin inhibitor Bo6rg116580.1 23,255.9 2 15.9 
Water-soluble chlorophyll 
protein 
Bo02800s010.1 21,440.3 2 15.2 
Trypsin and protease 
inhibitor 
Bra016002 23,546.1 2 14.5 
Glutathione peroxidase Bo2g108730.1,Bra033140 25,363.0 2 10.9 
Trypsin inhibitor Bo6rg116640.1 17,409.6 2 8.3 
allene oxide cyclase Bo8g065370.1 27,407.7 2 10.8 
            
L.root 
DF1 (22 
kDa) 
Water-soluble chlorophyll 
protein 
Bo02800s010.1 21,440.3 4 34.5 
Peroxiredoxin, putative Bo5g144820.1,Bra020782 21,378.0 5 31.5 
Glutathione peroxidase Bo2g108730.1,Bra033140 25,363.0 3 16.2 
            
Stem B 
(23 kDa) 
Trypsin and protease 
inhibitor 
Bra016002 23,546.1 3 31.3 
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Tissue and 
band size 
Protein name Accession 
Molecular 
weight (Da) 
Unique 
peptide 
count 
Coverage 
(%) 
60S ribosomal protein 
L18A 
Bo3g027750.1,Bo4g03979
0.1,Bo4g182640.1,Bra005
421 
21,306.9 4 27.5 
Trypsin inhibitor Bo6rg116640.1 17,409.6 2 16.6 
Trypsin inhibitor Bo6rg116580.1 23,255.9 2 26.2 
Trypsin inhibitor Bo6rg116620.1 21,207.1 2 11.9 
Protein of unknown 
function (DUF640) Bo3g036160.1,Bra000269 19,880.8 2 
15.8 
Peptidyl-prolyl cis-trans 
isomerase Bo7g119650.1,Bra033574 18,383.8 3 
25.6 
            
N T.root 
C (22 
kDa) 
Water-soluble chlorophyll 
protein Bo02800s010 
21,426.0 5 25.9 
Peptidyl-prolyl cis trans 
isomerase Bo3g149530 
18,358.0 4 22.7 
Trypsin inhibitor Bo6rg116620.1 21,207.1 2 15.5 
Peptidyl-prolyl cis trans 
isomerase Bo4g060010 
21,714.0 2 7.5 
Trypsin inhibitor Bo6rg116580.1 23,255.9 2 10.8 
Peptidyl-prolyl cis trans 
isomerase Bo8g097590 
27,437.0 3 10.7 
L.root 
CV (17 
kDa) 
Polyketide 
cyclase/dehydrase and 
lipid transport superfamily 
protein 
Bo7g078440.1 17,491.7 8 43.0 
PACid_22696349 Bra024879 17,465.3 3 37.1 
Polyketide 
cyclase/dehydrase and 
lipid transport superfamily 
protein 
Bo9g070120.1 17,389.5 2 23.8 
Nucleoside diphosphate 
kinase 
Bo2g109120.1,Bra033163 25,576.1 3 12.8 
            
Stem S  
C1 (25 
kDa) 
Superoxide dismutase Bo1g039700 23,832.0 4 14.6 
Beta-1,3-glucanase Bo6g054040 37,842.0 4 16.4 
Peroxiredoxin Bo3g064370 28,745.0 3 13.4 
Flavoprotein wrbA Bo2g041750 21,760.0 3 17.2 
            
Stem S 
C1 (35 
kDa) 
Beta-1,3-glucanase Bo6g054040 37,842.0 15 50.4 
Beta-1,3-glucanase Bo4g111320 41,049.0 11 29.6 
Malate dehydrogenase Bo3g183840 39,631.0 5 16.6 
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Tissue and 
band size 
Protein name Accession 
Molecular 
weight (Da) 
Unique 
peptide 
count 
Coverage 
(%) 
Enoyl-ACP reductase Bo7g026690 40,773.0 3 9.4 
Beta-1,3-glucanase Bo4g111370 11,902.0 3 38.9 
Beta-1,3-glucanase Bo8g091600 33,892.0 2 10.8 
            
pod walls 
C1 (25 
kda) 
Beta-1,3-glucanase Bo6g054040 37,842.0 3 10.3 
Superoxide dismutase Bo1g039700 23,832.0 3 7.1 
Beta-1,3-glucanase Bo4g111370 11,902.0 2 24.1 
            
pod walls 
C3   ̴(24 
kda) 
11S seed storage globulin 
A Bo1g017390.1, Bra011036 
54,379.0 10 28.4 
11S seed storage globulin 
A 
Bo5g004180.1 51,426.8 5 12.7 
11S seed storage globulin 
B Bo8g054380.1 
28,757.0 4 23.1 
Kunitz trypsin inhibitor Bo6g038930.1 39,444.0 2 8.3 
            
pod walls 
C3 ~(27 
kda) 
11S seed storage globulin 
A 
Bo5g004180.1 51,394.0 8 22.8 
11S seed storage globulin 
A 
Bo5g004180.1 51,426.8 8 18.9 
11S seed storage globulin 
A 
Bo1g017390.1,Bra011036 54,412.2 6 14.5 
Kunitz trypsin inhibitor Bo6rg087900.1 39,469.2 4 12.9 
Chitinase putative Bo1g021980.1 41,225.0 3 9.7 
11S seed storage globulin 
B 
Bo7g067090.1 53,751.6 2 7.0 
            
pod walls 
C3 ~(29 
kda) 
11S seed storage globulin 
A 
Bo5g004180.1 51,426.8 8 29.9 
11S seed storage globulin 
A 
Bo1g017390.1,Bra011036 54,412.2 8 20.0 
11S seed storage globulin 
B 
Bo7g067090 53,719.0 4 10.8 
2S seed storage protein 1 Bra010363 54,700.0 4 19.1 
Kunitz trypsin inhibitor Bo6rg087900.1 39,469.2 4 13.8 
cellulase/ hydrolase, 
hydrolyzing O-glycosyl 
compounds 
Bra003273 37,666.7 2 8.9 
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4.4.3 Protein identification of the entire proteomic profile 
In addition to protein identification form gel bands, the whole soluble proteomic 
profile in the bottom of the stem was analysed from both Ningyou 7 and Tapidor DH. 
Peptides were extracted from the protein mixture using FASP methodology as 
described above. The identified peptides and proteins were visualised and analysed 
using Scaffold as previously described. Figure 4.5 shows an overview of protein 
identified using Scaffold. 
 
Figure 4.5 Overview of protein identification using Scaffold. 
From left to right, column show the protein names or cluster of the 
identified proteins with a coloured threshold legends (green is above 95 
%). Followed by accession number, molecular weight, T-test 
probability, quantification profile and the samples identified (Ningyou 
7 in brown and Tapidor DH in purple). This picture was generated using 
scaffold v4.5. 
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Under the described thresholds, more than 1650 proteins were identified in Ningyou 
7 and more than 1600 in Tapidor DH (Figure 4.6). 1261 of these proteins are shared 
between Ningyou 7 and Tapidor DH; 399 proteins were only identified in Tapidor DH, 
and 347 proteins were identified only in Ningyou 7. 
 
Figure 4.6 Number of identified proteins in Ningyou 7 (N) and 
Tapidor DH (T). 
The number of shared proteins between the both genotypes are in 
yellow. To the left of the shared portion (N) is the number proteins 
identified only in cultivar Ningyou 7, and to the right (T) is the number 
proteins identified only in cultivar Tapidor DH.  
  
This represents a significant difference (T-test, P <0.01, Scaffold v4.5) between 
Ningyou 7 and Tapidor DH related to presence of some proteins was observed. Figure 
4.7 shows the quantitative differences between the both genotypes in terms of the total 
number of identified spectra for each protein. 
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Figure 4.7 Quantitative difference between the genotypes Ningyou 
7 and Tapidor DH. 
Volcano plot (T-test, P <0.01) shows quantitative differences between 
Ningyou 7 (N) and Tapidor DH (T). Horizontal axis represents the log2 
of the fold change in the total numbers of spectra that were identified. 
Green squares indicate proteins that show a significant difference in 
abundance. The top left square (A) indicate more abundant proteins in 
T compared with N, and vice versa in the top left right square (B). 
 
Two examples of these differences between Ningyou 7 and Tapidor DH in the 
abundance of indole-3-acetonitrile nitrilase (NIT2) and myosin-like protein are shown 
in Figure 4.8. The myosin-like protein was expressed in 3-fold higher in Ningyou 7 
than Tapidor DH. In contrast, the NIT2 was not expressed in Ningyou 7, but significant 
expression was occurred in Tapidor DH in the bottom of the stem at the beginning of 
flowering. 
A B 
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Figure 4.8 Differences in the expression of two identified proteins 
between Ningyou 7 and Tapidor DH. 
The expression of myosin-like protein (A), and the expression of NIT2 
(B) between Ningyou 7 (N) and Tapidor DH (T). The left figure of each 
of them represents biological replications and the figure to the right 
represents the mean value of the total spectra. Error bars represents 
standard error (n = 3 and 4). Pink represents Ningyou 7 and purple 
represents Tapidor DH. 
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4.5 Discussion 
The results show that there was a considerable difference in the proteins found at 
different stages of development in both the roots and stems of both Tapidor and 
Ningyou 7. The most important point was with regards to the 23 kDa protein identified 
previously by Rossato et al. (2001) as a crucial vegetative storage protein. A 23 kDa 
protein was identified in the Tapidor DH plants that accumulated at both the rosette 
and flowering stages as shown in Figure 4.2 (page 159), this contrasted with the results 
from the Ningyou 7 plants in which the corresponding band was absent, however two 
other proteins of a slightly lower molecular mass were detected (21 and 22 kDa) Figure 
4.1 (page 158).  
This shows that there is an apparent difference in the proteins produced and potentially 
stored between these two mapping population parental lines suggesting that this could 
be genetically mapped if these proteins can be accurately quantified in the TNDH 
population derived from these lines. This would make this a trait amenable for QTL 
analysis. Such an approach will be described in chapter 4. 
The hypothesis that the 23 kDa protein might play an important role in N storage for 
use in seed formation was supported by the deflowering and depodding experiments. 
In this case following approximately a month of flowering, the 23 kDa band 
disappeared (control plants) and then reappeared in the deflowered plants by the end 
of flowering. There were also key differences observed between taproots and lateral 
roots which contradict the findings of Rossato et al. (2001); Rossato et al. (2002a); 
Rossato et al. (2002b); Noquet et al. (2004)  who detected this protein only in the 
taproots in a different oilseed rape variety (Capitol). 
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This highlights the importance of looking at all possible tissues to determine the site 
of accumulation and fate of storage proteins in particular. The other finding was that 
at the bottom of the stem there are also clear differences between the parent lines. In 
Tapidor DH, the amount of the 23 kDa putative storage protein was lower than that 
found in the roots and also the amount of this protein in this part of the plant did not 
vary in amount when measured at different plant growth stages unlike the pattern 
detected in the roots. This finding also contrasts with the aforementioned studies sine 
this protein was not detected in the stem. 
The study of Schjoerring et al. (1995) investigating N remobilisation within OSR 
under field conditions,  showed that silique walls possessed the maximum content of 
N on the 25th day prior to harvest which correspond to the stage GS 6.4 when the 
silique walls samples for the second time in the present study. When the siliques were 
studied at this stage, the SDS-PAGE gel of the soluble protein profile in Figure 4.4 
(lane C2 silique walls) illustrated a relative abundance in protein quantity. Moreover, 
it was found that at maturity which occurred after about three months of flowering 
there was a large accumulation of three proteins. When these proteins were separated 
from the gel and analysed using the tandem mass spectrometry, they were all found to 
be putative seed storage proteins. These proteins were present in the siliques walls 
even at harvest when seed development was completed and the siliques dry. These 
proteins were found in both parents and suggest that this is a source of Nitrogen loss 
which it might be possible to address. This might be supported by the finding of 
Wagstaff et al. (2009) who reported the significant up-regulated seed storage proteins 
in the senescing pod walls of Arabidopsis and the finding of Koeslin-Findeklee and 
Horst (2016) who illustrated that silique walls contained a great proportion (~26 %) 
CHAPTER 4                                Change in Protein Profile During The Life Cycle of B. napus     
172 
 
of the total shoot N at maturity. Furthermore, The increasing accumulation of the ~35 
kDa protein in the inflorescence stems adjacent to the siliques during seed 
development GS 6.4 and senescence in the both genotypes could also reported as a 
source of N loss and the possibility for further work to be considered. This protein 
could possess glucanase activity as was identified by MS/MS. 
Mass spectrophotometric analysis of various bands which showed clear differences 
between the parent lines or in different life stages allowed us to identify a number of 
proteins which might shed light on the proteins involved in nitrogen storage. 
Interestingly none of the proteins correspond to that suggested by the French group. 
One of the main dominant proteins identified as a putative 23 kDa VSP is a trypsin 
inhibitor which is in agreement with the study of Tian et al. (2007) and Liu et al. 
(2009b) who reported the trypsin inhibition activity of the LcVSP1 (22 kDa) in L. 
chinensis and the 23 kDa VSP in S. mukorassi, respectively. It was illustrated that N 
remobilisation associated with OSR leaf senescence is accompanied with 
disappearance of trypsin inhibition activity (Etienne et al., 2007).   Furthermore, one 
of the main dominant proteins identified in the 22 kDa protein band (a concomitant 
band to the 23 kDa Protein band in Tapidor DH) is water-soluble chlorophyll protein 
Table 4.1 (page 162). It was reported that this protein involved in N remobilisation in 
OSR young leaves under N starvation conditions and possessed protease inhibition 
activity by which leaf senescence is delayed (Desclos et al., 2008; Avice and Etienne, 
2014). Moreover,  Avice et al. (2003) demonstrated that the 32 kDa VSP observed in 
taproot of M. sativa possessed class III chitinase activity and could plays a role in plant 
protection against pathogenesis. In the present study, one of the proteins identified as 
a putative 23 kDa VSP within lateral root is chitinase.  
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Continuous removal of pods resulted in a significant increase in the shoot length 
comparing to the control plants, in agreement with Noquet et al. (2004) whom reported  
that flowers and pods removal contributed to the shoot growth. Furthermore, 
continuous removal of flowers, during the seed development stages compared with the 
control plants, has increased the formation of new shoots and delayed the senescence 
in contrast to the control plants. Since N uptake decreases after the onset of flowering 
(Jensen et al., 1997; Gabrielle et al., 1998; Rossato et al., 2001; Malagoli et al., 2004; 
Zhang et al., 2010; Ulas et al., 2013) or after the early stages of the seed development 
(Malagoli et al., 2005a; Gombert et al., 2010), and the N storage reserves are the major 
source to support the increasing requirements of N for the growing shoots (depodded 
plants) or the formation of new shoots (deflowered plants), it might explain to some 
extent the lack of the increasing accumulation of the putative VSPs during seed filling 
stages in the depodded plants and after two months of flowering in the deflowered 
plants. 
By studying the whole proteomic profile more than 1600 proteins were identified, at 
the beginning of flowering, in the bottom of the stem for each genotype. These proteins 
represent a fraction (1.66 %) of the total putative proteins coded by the B. napus 
genome (Chalhoub et al., 2014). The abundance of these proteins varied significantly 
within each genotype which might reflect the importance of these proteins for the cell.  
Genotypic variation in the abundance of these proteins was also observed, as at least 
347 proteins were detected in only one genotype. 1261 proteins were presented in both 
genotypes, of which 11 and 12 proteins were overexpressed in Tapidor DH and 
Ningyou 7, respectively (Figure 4.7). Proteins were expressed that represented 
members of the housekeeping protein groups used in the protein and gene expression 
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studies. The most constant and abundant proteins from five families are; 
Bo8g065470.1, Bra016729 encoded glyceraldehyde-3-phsphate dehydrogenase, 
Bo9g169510.1, Bra008903 encoded tubulin beta chain, Bo2g133940.1, Bra014334 
encoded 60S ribosomal protein L7, Bo6rg049540.1 encoded actin-2 and 
Bo3g039510.1 which encoded ubiquitin. Hence, these proteins accessions would be 
good choices as reference proteins in further study. Nonetheless, the expression 
patterns of these proteins interestingly varied among each family member. For 
example, the Bo5g016460.1 which encoded glyceraldehyde-3-phosphate 
dehydrogenase was not identified in Ningyou 7 in contrast to the Bo8g065470.1 
protein. This results might raise concerns about using multiple copies of these 
housekeeping protein for normalisation of gene and protein expression data. The 
results clearly show the strength of studying protein expression but there are 
difficulties in this approach which still need to be overcome to make this a more 
commonly used approach.
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5 Chapter 5 Quantitative Traits Underlying 
Nitrogen Use Efficiency in Brassica napus L. 
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5.1 Introduction 
The principle of chromosomal segregation during the reproductive phase allows the 
identification of Quantitative Trait Loci (QTL) or genes that control traits of interest 
(Tanksley, 1993). This is mediated by a segregating population and suitable statistical 
algorithms that reveal the association between the genetic markers and the phenotypic 
data (Kearsey and Farquhar, 1998; Collard and Mackill, 2008). These mapping 
populations could also be tested under different environments by which the interaction 
between the genetic and environmental factor can be estimated (Vreugdenhil et al., 
2005). The major challenge facing breeders after QTLs have been detected is the 
identification of the gene and the nucleotide polymorphisms by which the variation in 
the phenotypic trait is defined or closely associated markers to track introgressions 
(Collard et al., 2005; Vreugdenhil et al., 2005). Identification of QTLs in a mapping 
population is affected by many determining factors such as the genetic properties of 
the genomic regions that control traits, the mapping population size and the 
experimental design by which phenotypic data are generated (Asíns, 2002; Collard et 
al., 2005; Vreugdenhil et al., 2005). 
QTLs have been mapped for a number of agronomic traits in B.napus L. These include 
QTLs associated with flowering time (Long et al., 2007; Wang et al., 2011a; Javed et 
al., 2016), seeds content of glucosinolates (Howell et al., 2003; Feng et al., 2012), 
seeds content of oil (Qiu et al., 2006; Jiang et al., 2014), yield and yield related traits 
(Quijada et al., 2006; Radoev et al., 2008; Shi et al., 2009; Bouchet et al., 2014), 
abiotic stress, resistance to diseases (Butruille et al., 1999; Zhao and Meng, 2003; 
Zhang et al., 2016a), seed (Ding et al., 2010) and shoot (Liu et al., 2009a) minerals 
concentration, N use efficiency (Miro, 2010), B use efficiency (Zhao et al., 2012), P 
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use efficiency (Ding et al., 2012) and root morphology and architecture under P stress 
(Yang et al., 2010; Shi et al., 2013a). 
As it was described in Chapter 1, OSR is characterised with poor N Use Efficiency. 
Hence, improvement in N use efficiency is a major priority for plant breeders. This 
could be possible through the potential optimisation of traits associated with N 
remobilisation efficiency (Bouchet et al., 2014). Nevertheless, QTL mapping for 
proteins associated with N remobilisation such as putative VSPs are very rare, 
essentially due to the difficulty in the identification of such proteins and then 
establishing the appropriate methodology required for an accurate quantitative 
analysis. N is significantly associated with plant biomass, architecture and yield 
related traits. Svečnjak and Rengel (2006a) reported that in oilseed rape the average 
shoot content of N was 2.7 % of the dry weight. Thus, more work is required to 
elucidate the genetic mechanism by which plants control these traits 
5.2 The objectives of this chapter 
This chapter aims to identify QTL associated with the expression of a putative 23 kDa 
VSPs in the TNDH oilseed rape mapping population, as well as other proteins 
previously identified by MS/MS (chapter 3), through establishing and optimising the 
methodology to quantify proteins of interest in a complex protein mixture by means 
of nanoLC-ESI-MS/MS. In addition, it aims to identify QTL for other developmental 
traits that contribute to N use efficiency, including flowering time, architectural and 
yield related traits, under N replete conditions.  
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5.3 Material and methods 
5.3.1 The mapping population and the linkage map 
The segregating mapping population used in this study was a doubled haploid 
population derived from the F1 cross between the two contrasting B. napus lines 
Tapidor DH and Ningyou 7 (the female and male parents, respectively, of the reference 
TNDH mapping population) by microspore culture. A genetic map for the 202 lines 
of this population has been produced by (Qiu et al., 2006) comprising 692 markers 
arranged in 19 linkage groups in accord with the B. napus 19 chromosomes, named as 
A01 to A10 (from B. rapa A genome) and C1 to C9 (form B. oleracea C genome). 
These linkage groups varied in length from 62.33 to 148.8 cM for chromosomes C1 
and C3, respectively. Markers cover a total length of 2031.1 cM with an average 
distance of 3.02 cM between adjacent markers. The smallest and largest interval 
between two adjacent markers was 0.01 and 31.68 cM on chromosomes A4 and C4, 
respectively.  
5.3.2 Plant material and experimental design 
120 lines of the TNDH mapping population in addition to the parental lines were 
selected on the basis of being suitable for cultivation in the UK and being the most 
genetically informative (Defra Oilseed Rape Genetic Improvement Network project) 
and grown under controlled environment in a 40 m2 glasshouse compartment for 35 
days (from sowing seeds until 4 – 5 leaves were established). Seeds were provided by 
Graham Teakle from Warwick Genetic Resources Unit at Warwick Crop Centre at the 
University of Warwick. Six seeds from each line including parental lines were initially 
sown (29/01/2014) per rounded plastic pot (5 L, 230 mm diameter X 200 mm height) 
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filled with Levington M2 compost (Scotts Miracls-Gro Company, UK; containing 192 
mg/L N, 98 mg/L P and 319 mg/L K) as growing medium and placed in the glasshouse 
at Warwick Crop Centre for 35 days. Upon germination the pots were thinned to two 
plants per pot. The glasshouse was set to a temperature of 15 °C day and night, with 
automatic ventilation at 17 °C day and night, and supplementary lighting (400 W high 
pressure sodium luminaires) to provide a 16 hour light period. Light threshold setting 
was set to switch off above 30 Klx. Plants were irrigated as and when necessary with 
4 ml/L liquid feed Vitafeed 214 (Vitax Limited, Coalville, Leicester, UK), an N-P-K 
[16-8-32] fertiliser with 0.09 % magnesium oxide and Mn, Fe, Cu, B and Mo as trace 
elements to meet plant growth requirements of mineral nutrients. Insects and diseases 
were controlled Insecticide and fungicide were applied to control pests and diseases 
following the Horticulture Service standards and as necessary. To reduce the 
environmental effect, the population was grown in randomised block design 
containing four blocks of 122 pots and each pot contained two plants Figure 5.1. 
This population is a cross between Tapidor DH with a strong vernalisation 
requirements and Ningyou 7 with a low vernalisation (Qiu et al., 2006; Long et al., 
2007), so for the purpose of providing natural vernalisation, the plants were transferred  
(04/03/2014) to a semi open polytunnel, in the same randomised design until they were 
harvested. Plants were grown under natural light and watered as and when required, 
with the same liquid feed previously used in the glasshouse. Insects and diseases were 
all controlled in the same manner according to Horticulture Service standard as and 
when was necessary. 
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Figure 5.1 TNDH mapping population grown in the glasshouse. 
122 lines, two plants per pot, a total of 488 pots were arranged in a 
randomised block design. Four blocks, each of which contains 244 plants 
in a 122 pots. The photograph of the plants in the glasshouse was taken 24 
days after sowing. 
 
5.3.3 Phenotypic traits  
A number of phenotypic traits associated with N remobilisation, primarily, the 
expression patterns of proteins identified as putative 23 kDa VSP, other proteins 
showing significant expression variation in the parental lines, and putative proteins 
thought to be involved in nitrate transport as well as housekeeping proteins. In total, 
the expression pattern of 32 proteins were identified as the subject of this study and 
their details are summarised in Table 5.1. These proteins were studied in the bottom 
of the stem (10 cm from the soil surface). 
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Table 5.1 List of proteins subjected to quantification study 
32 proteins were divided into five groups; 12 proteins identified to 
represent a putative 23 kDa VSP, five housekeeping proteins, six proteins 
were only expressed in Tapidor DH, five proteins were only expressed in 
Ningyou 7 and four putative nitrate transporter proteins. 
Group Protein name Protein accession 
putative VSPs Trypsin inhibitor Bo6rg116580.1 
Trypsin inhibitor Bra016002 
Trypsin inhibitor Bo6rg116620.1 
Trypsin inhibitor Bo6rg116640.1 
Protein of unknown function (DUF640) Bo3g036160.1, Bra000269 
Wound-induced protein Bo3g058580.1, Bra001123 
Glutathione peroxidase Bo2g108730.1, Bra033140 
Peroxiredoxin, putative Bo5g144820.1, Bra020782 
Water-soluble chlorophyll protein Bo02800s010.1 
Peptidyl-prolyl cis-trans isomerase Bo8g090480.1 
Peptidyl-prolyl cis-trans isomerase Bra007214 
Translationally controlled tumor protein Bo3g068470.1 
   
housekeeping 
proteins 
Glyceraldehyde-3-phosphate 
dehydrogenase 
Bo8g065470.1, Bra016729 
Tubulin beta chain Bo9g169510.1, Bra008903 
60S ribosomal protein L7 Bo2g133940.1, Bra014334 
Actin-2 Bo6rg049540.1 
Ubiquitin Bo3g039510.1 
   
Proteins were 
expressed only 
in Tapidor DH 
Indole-3-acetonitrile nitrilase Bra035006 
Pathogenesis-related thaumatin 
superfamily protein 
Bo5g027350.1 
Glycosyl hydrolase family protein Bo3g134130.1 
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Group Protein name Protein accession 
Glucan endo-1,3-beta-glucosidase, 
putative 
Bo1g007240.1 
Peptidyl-prolyl cis-trans isomerase, 
putative 
Bo5g155110.1 
Glyceraldehyde-3-phosphate 
dehydrogenase 
Bo5g016460.1 
   
Proteins were 
expressed only 
in Ningyou 7 
Catalytic/ methylthioadenosine 
nucleosidase 
Bra010725 
Phosphorylase Bo3g134100.1 
Alpha-glucan phosphorylase 2 Bra018180 
HXXXD-type acyl-transferase family 
protein 
Bo1g056990.1 
Conserved hypothetical protein Bo3g061790.1 
   
Nitrate 
transporter 
family 
High affinity nitrate transporter Bo8g065100.1  
High affinity nitrate transporter Bo5g008780.1  
high affinity nitrate transporter 2.6 Bo9g147020.1  
high affinity nitrate transporter 2.7 Bo2g012010.1  
 
Furthermore, other agronomic traits associate with architectural characteristics of 
plants such as flowering time, biological mass, number of lateral main stems arising 
from the base of the plant (tillers), number of the main branches and plant height, as 
well as yield related traits such as number of pods and seed number per pod were 
studied Table 5.2. These traits were considered to be indirectly associated with N use 
efficiency. In addition to these traits, the mineral elements content of the bottom of the 
stem was also determined. 
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Flowering date was recorded on the whole set of lines (eight plants each) when the 
first flower was observed on the main inflorescence. Flowering time was then 
estimated as the number of days from germination date to flowering date. 
Four plants from each line (one plant from each block) were harvested when 5 – 10 
flowers were observed on the main inflorescence. The bottom 10 cm of the stem was 
separated and divided into three sections, two sections for protein analysis and RNA 
extraction were stored at -80 °C, and one section for mineral analysis was oven dried 
at 60 °C. The other four plants from each line (the remaining plant from each block) 
were harvested after 45 days from the flowering date. The bottom 10 cm of the stem 
was separated and divided into three sections as previously described. The rest of the 
stems with branches were first weight (fresh weight) and oven dried at 60 °C until 
constant weight and re-weighed (dried weight). In addition, 10 phenotypic traits were 
recorded and are summarised in Table 5.2. 
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Table 5.2 List of the phenotypic traits measured. 
These traits were recorded on four plants of each line (one plant each 
block) after 45 days of flowering date. 
Phenotypic trait Abbreviation            Measurement description 
Flowering time FT Number of days from germination until 
the first flower was observed on the main 
inflorescence (MF) (days). 
Stem height to the 
first branch 
SHB Stem height from the surface to the first 
branch (cm). 
Stem height to the 
first pod 
SHP Stem height form the surface to the first 
pod on MF (cm). 
Main inflorescence 
height  
MFH The length from the first pod to the top 
(cm). 
Plant height PH The total plant height from the surface to 
the top of MF (cm). 
Number of branches NB Number of the main branches 
Number of pods on 
the MF 
NPMF Number of pods on the MF. 
Number of pods on 
the branches 
NPB Number of pods on all braches. 
Total number of 
pods 
TNP Total number of pods on the whole plant. 
Number of seed per 
pod 
NSP The average of seeds number in up to 30 
pods on MF from bottom to top. 
Fresh weight FW Fresh weight of the stem and branches 
(g). 
Dried weight DW Dried weight of the stem and braches 
after being oven dried at 60 °C. 
Lateral main stem LS Lines with one main stem (same as 
Ningyou 7); lines with more than one 
main stem (same as Tapidor DH). 
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5.3.4 Protein quantitative workflow 
One of the main disadvantages of the proteomic quantification using a triple 
quadrupole is that the instrument must be programmed what to record in advance 
(Picotti and Aebersold, 2012; Kinter and Kinter, 2013c). This is achieved through 
establishing a correct method that includes the m/z of every single product able to be 
detected by MS/MS, as well as the collision energy by which the selected precursor 
would be fragmented in the second quadruple Q2. These products are referred to as 
“transition” and the method is referred to as Selected Reaction Monitoring, SRM 
(Lange et al., 2008; Gallien et al., 2011; Picotti and Aebersold, 2012; Kinter and 
Kinter, 2013b). An essential step before designing the method is to build a spectral 
library by running the sample initially on tandem mass spectrometry. For this study, 
the spectral library used was generated as previously described in Chapter 4. 
The SRM method was designed using the open-source Skyline software (MacLean et 
al., 2010). Three to five unique peptides were selected for each protein of interest, 
usually with the highest relative intensity, one doubled charge precursor for each 
peptide. For each precursor, three to five fragments (transitions) with the y ion 
according the peptide fragmentation (optimum range between y7 and y12) were 
selected. Aiming to obtain a high signal to noise ratio by increasing the time spent on 
each transition to be acquired (is referred to as dwell time), would limit the number of 
the transitions that can be measured during the same run (Lange et al., 2008; Picotti 
and Aebersold, 2012; Liebler and Zimmerman, 2013).  Nonetheless, once the SRM 
experiment has been validated and retention time of the transitions is known and valid, 
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through multiple runs of the samples with different transitions methods and a detection 
window of an hour, it is possible to set a scheduled acquisition.  During this the spectra 
for the specific products are monitored (Picotti and Aebersold, 2012; Kinter and 
Kinter, 2013a). 10 min was used in this study. For the 32 selected proteins, 123 
peptides, 123 precursors and 408 transitions were designed based on the collision 
energy for each precursor. Moreover, a list of 122 decoy peptides including 400 
transitions were also created for the purpose of improving the accuracy and the 
confidence that the selected peak is related to the targeted peptides (MacLean et al., 
2010; Reiter et al., 2011; Rost et al., 2014). Afterwards, the methods can be extracted 
to an excel file and applied to the triple quadruple. Figure 5.2 shows the output of 
designing transition in skyline and the extracted transition to excel. 
 
 
Figure 5.2 Overview of the SRM method output. 
Overview of designing transitions method in Skyline (left), four 
peptides and precursors were selected for the Bo8g065470.1 protein, the 
first precursor (m/z 867.9114) has three transitions (y8 to y10). The 
extracted methods to excel (right) shows the peptide, the start and end 
time of detection, precursor and transition m/z, and the collision energy 
required to fragment each peptide. 
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Proteins were extracted from the bottom of the stem, and then peptides were extracted 
using the FASP methodology as described previously in Section 4.3.7.1. The extracted 
peptide mixture was then separated by reversed phase chromatography using Ultimate 
3000 RSLCnano (Thermo Scientific) as described previously in Section 4.3.7.2, 
however, peptides were eluted onto the analytical column at a flow rate of 300 nL/min 
where the mobile phase B concentration increased from 4 % B to 50 % over 33 min 
then to 90 % B over 5 min. This was followed by a 20 min re-equilibration at 4 % B. 
The eluted peptides were next subjected to ESI and converted to gaseous ions, and 
analysed on QQQ-MS (TSQ Quantiva mass spectrometer, Thermo Scientific) using 
the SRM method. Cycle time was set to 1.2 sec and the resolution in Q1 and Q3 was 
set to 0.7 FWHM. The spray voltage was set to 1800 V and ion transfer tube 
temperature was set to 325 °C. The collision gas pressure for CID was set to 2 mTorr. 
An aliquot of 5 µl was used in each injection. Three technical replicates (three 
injections) were used for each sample (biological replicate). Each two lines (four 
biological replicates each) were run together as one patch. The order in which the 
biological and technical replicates were analysed was randomised to reduce the 
experimental bias. 
The generated output was then visualised in Skyline (Figure 5.3), and quantitative 
analysis performed by Skyline and also in the MSstats R package for proteomic-based 
statistical quantitative analysis (Surinova et al., 2013; Broudy et al., 2014). 
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Figure 5.3 Skyline interface for a peptide precursor. 
The measured data on the QQQ were loaded to Skyline. The picture 
represents one precursor (1086.5082 m/z) of the Bo8g065470 protein 
Figure 5.2 which includes four transitions (y4, 6, 9 and 10) shown in 
different colours. Transitions were detected in the 23.7 when the 
intensity was recorded. In theory, it was this precursor that was 
predicted to be detected in the 23.1 min. 
 
5.3.5 Data analysis 
5.3.5.1 Phenotypic data 
One-way Analysis of Variance (ANOVA) of the randomised blocks was applied to 
allocate the amount of variation between population lines and blocks. The mean value, 
standard deviation (SD, n =4) and coefficient variance (% CV) across the 11 
phenotypic traits were determined. The normality of the distribution of the phenotypic 
traits was verified using the Shapiro-Wilks normality test (W) (Shapiro and Wilk, 
1965). A frequency distribution was also generated for each phenotypic trait. Pearson 
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correlation analysis was applied to determine the Correlation Coefficient (r) between 
traits. All statistical analyses were performed using GenStat (17th edition, VSN 
international, UK). 
5.3.5.2 QTL detection 
QTL mapping was performed using MapQTL software v.6. Initially the genome-wide 
(GW) LOD threshold for detecting significant QTL was estimated using 1000-
permutation test (P =0.05). The non-parametric Kruskal-Wallis test was then applied 
to identify markers exhibiting linkage to the traits.  The interval mapping (IM) method 
(Jansen and Stam, 1994; Jansen, 2008) was then performed to determine the QTL 
likelihood profile for each position on the genome. Further power for detecting 
additional QTL was obtained using Multiple-QTL mapping (MQM) analysis, where 
nearby markers of the identified QTL from the IM or Kruskal-Wallace analysis, were 
used as cofactors (Jansen, 2008; Van Ooijen and Kyazma, 2009). 1 and 2 LOD 
confidence intervals where then constructed from LOD differences on either side of 
the most likely QTL position. The contribution of female parent (Tapidor DH) to the 
identified QTL was presented as a positive additive, whereas the contribution of the 
male parent (Ningyou 7) was presented as a negative additive. The percentage of the 
variation in the phenotypic traits arising from the identified QTL was also determined. 
MapChart v 2.3 (Voorrips, 2002) was used for plotting the linkage maps with the 
identified QTLs. 
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5.4 Results 
5.4.1 Phenotypic variation among traits 
13 phenotypic traits (listed in Table 5.2, page 184) were evaluated after 45 days from 
the flowering date on 120 lines of the TNDH population as well as the parental lines 
grown in a glasshouse and polytunnel. A normal distribution was observed for all 
phenotypic traits among the TNDH population lines (W >0.96, Table 5.3), and 
illustrated in histograms for all traits in Figures 5.4 and 5.5. Substantial variation was 
observed between the parental lines and the TNDH population lines for flowering time 
(FT). The low vernalisation requirement parent (Ningyou 7) flowered 86 days after 
germination, whereas the strong vernalisation requirement parent (Tapidor DH) was 
significantly delayed in flowering and flowered more than a month later. Flowering 
time was normally distributed among the population lines and ranged from 63 to 126 
days (Table 5.3). 
The stem height to the first branch (SHB) also differed between Ningyou 7 (53 cm) 
and Tapidor DH (80 cm). A considerable transgressive variation between the TNDH 
population lines was also observed and ranged from 35 to 106 cm (Table 5.3). There 
was only a range of 9 cm variation between the parents lines related to the stem height 
to the first pod (SHP), whereas the variation between the population lines ranged from 
61 to 122 cm. The parental lines exhibited a substantial difference in the length of the 
main inflorescence (MFH); Ningyou 7 possessed the longest (75 cm) and Tapidor DH 
the shortest (40 cm). Interestingly, Tapidor DH possessed the greater number of pods 
(72) on the main inflorescence (NPMF), whereas Ningyou 7 possessed the lowest 
number of pods (28). Approximately 3-fold (MFH) and 2-fold (NPMF) variation was 
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observed in the DH progeny (Table 5.3). Positive and significant correlations were 
observed between flowering time and SHB and SHP (r =0.47 and 0.44, respectively, 
P >0.00001), whereas, the MFH was negatively and significantly associated with FT 
(r =-0.51, P >0.000). 
Plant height (PH) varied between 133 and 159 cm in Tapidor DH and Ningyou 7, 
respectively, in addition a 2-fold variation was observed between population lines. An 
average of 5 and 6 branches were observed on Tapidor DH and Ningyou 7, 
respectively, whereas the number of branches (NB) ranged from 2 to 10 across the 
population lines (Table 5.3). 
Table 5.3 Phenotypic traits estimates of the parental lines and the 
TNDH population. 
Table shows values of mean, standard deviation (SD), minimum, 
maximum, coefficient variance (CV) and Shapiro-Willks test (W) of the 
parent line and the TNDH population. 
Traits Parental lines 
 
TNDH population 
 Ningyou 7 SD Tapidor DH SD  Mean Min Max SD CV% W 
FT 86 3.2 117 2.6  104 63 126 11.2 10.8 0.96 
SHB 53 16.9 80 11.0  66 35 106 12.7 19.2 0.99 
SHP 84 9.0 93 9.4  90 61 122 10.9 12.2 0.99 
MFH 75 12.7 40 4.1  60 34 100 16.3 27.2 0.97 
PH 159 20.6 133 12.5  150 102 194 19.9 13.3 0.99 
NB 6 1.0 5 1.5  6 2 10 1.6 27.9 0.98 
NPMF 28 3.8 72 21.2  36 17 70 12.3 33.9 0.96 
NPB 86 19.2 35 8.9  61 13 159 28.0 45.6 0.96 
TNP 113 21.9 107 22.4  98 25 201 34.3 35.2 0.98 
NSP 12 1.8 17 1.1  15 6 22 3.4 23.2 0.99 
FW 41.0 6.4 44.4 11.3  41.9 15.5 84.2 13.1 31.1 0.97 
DW 9.7 1.7 10.4 2.2  9.6 4.4 15.9 2.6 26.7 0.98 
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Figure 5.4 Frequency distribution of six phenotypic traits in the 
TNDH mapping population. 
Traits abbreviation are as described previously in Table 5.2 (page 184). 
M indicates where the mean value of the TNDH population lines 
occurred. The bars coloured in orange and blue indicate where Ningyou 
7 and Tapidor DH occurred, respectively. 
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In contrast to the NPMF, Ningyou 7 possessed the greatest number of pods on 
branches (NPB) with 86 pods, whereas Tapidor DH possessed the lowest number with 
only 35 pods and thus the total number of pods (TNP) were very similar. Nevertheless, 
considerable variation was exhibited between the TNDH population lines in NPB 
which ranged from 13 to 159, and in TNP ranged from 25 to 201 (Table 5.3).   
The parental lines varied in the number of seeds per pod (NSP), Tapidor DH possessed 
the highest number with 17 seeds and Ningyou 7 possessed the lowest with 12 seeds. 
More than 3-fold variation was observed in the DH progeny, with lines ranging from 
6 to 22 seeds per pod (Table 5.3, page 191). The difference between the parental lines 
in the fresh weight (FW) was less than 4 g and the dry weight was observed to be 
approximately similar. However, the TNDH population varied significantly in FW 
(15.5 – 84.2 g), and in DW (4.4 – 15.9 g) (Table 5.3) (page 191). 
It was observed that 22 lines of the TNDH segregating population possessed more 
than a single main stem (tiller) which was the case for Tapidor DH, whereas the rest 
of the lines were like Ningyou 7 and possessed a single main stem. 
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Figure 5.5 Frequency distribution of six phenotypic traits in the 
TNDH segregating population. 
Traits abbreviation used are as described previously in Table 5.2 (page 
184). M indicates where the mean value of the TNDH population lines 
occurred. The bars coloured in orange and blue indicate where Ningyou 
7 and Tapidor DH occurred, respectively. The double-coloured striped 
bar indicates where both parents occurred. 
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5.4.2 Analysis of QTLs mapping phenotypic traits 
The 120 TNDH mapping population lines and their parents (Tapidor DH and Ningyou 
7) were grown in the glasshouse house for a month and transferred to a polytunnel 
afterwards for the purpose of allowing sufficient vernalisation naturally. 13 
phenotypic traits, listed in Table 5.2 (page 184), were evaluated after 45 days of the 
date of first flower opening and subjected to QTL analysis to determine their genetic 
control. 
MQM analysis revealed a total of 21 QTL regions (Table 5.4) distributed across 12 
linkage groups (LGs). Six QTLs associated with flowering time (FT) explaining 
between 9.2 and 33.6 of the phenotypic variation were identified. These QTLs 
distributed on five LG of the A genome (Figure 5.6 and Figure 5.8) and one LG of the 
C genome (Figure 5.9), and their additive effect was dominantly influenced by the 
winter-type parental line, Tapidor DH. Three QTLs associated with number of seed 
per pod (NSP) were detected, explained 10.2 – 14.2 % of the phenotypic variation, 
distributed on two LG of the A genome (Figure 5.6 and Figure 5.7) and one on the C 
genome (Figure 5.8). The additive effect for two genomic regions were influenced by 
the semi winter-type parental line, Ningyou 7, and the third influenced by Tapidor DH. 
In addition, three QTLs were affecting number of pods on the main inflorescence 
(NPMF) distributed on three A genome LGs; A02, A03 (Figure 5.6) and A09 (Figure 
5.8), accounted for 15.8, 13.4 and 16.2 % of the phenotypic variation. Two QTLs 
associated with stem height to the first branch (SHB) were identified on LG A03 
(Figure 5.6) and A05 (Figure 5.7). The parent Tapidor DH contributes the alleles for 
the increasing NPMF and SHB.  
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Table 5.4 QTLs detected for nine phenotypic traits in 120 lines of the TNDH population. 
Trait abbreviations as described in Table 5.2 (page 184). Table shows linkage group, position, maker name, LOD score, LOD 
threshold, the explained variance, additive effect and the confidence interval for each identified QTL. LOD threshold was 
determined at 1000 permutation test for each trait. One and two LOD confidence intervals are shown for each detected QTL 
position (cM). Positive additive effect associated with Tapidor DH, whereas negative additive effect associated with Ningyou 
7. 
Trait 
Linkage 
Group 
Position 
(cM) 
Locus LOD 
GW LOD 
threshold 
Increasing 
allele 
Variance 
% 
Additive 
effect 
Minus 2 
LOD 
position 
(cM) 
Minus 1 
LOD 
position 
(cM) 
Plus 1 
LOD 
position 
(cM) 
Plus 2 
LOD 
position 
(cM) 
FT A01 85.04 pW190a 3.61 3.3 Tapidor DH 9.6 3.5444 70.55 70.55 87.72 87.72 
FT A02 91.55 CNU389 5.02 3.3 Tapidor DH 13.8 5.6810 81.55 81.55 95.3 95.3 
FT A03 73.81 IGF3165c 5.97 3.3 Tapidor DH 13.6 4.1604 66.07 66.07 75.31 82.15 
FT A09 137.27 IGF1134a 3.87 3.3 Tapidor DH 9.2 3.5578 126.37 130.12 139.63 139.63 
FT A10 44.21 sN8474 13.22 3.3 Tapidor DH 33.6 6.7896 39.05 39.05 53.76 53.76 
FT C7 45.11 IGF5702e 6.89 3.3 Tapidor DH 15.5 4.5671 37.32 37.32 54.68 54.68 
SHB A03 73.81 IGF3165c 5.87 3.3 Tapidor DH 17.8 5.4725 61.52 64 82.15 82.15 
SHB A05 31.556 BRMS-061 3.54 3.3 Tapidor DH 10.5 4.1410 13.487 28.534 36.965 38.201 
SHP C3 7.74 HBr085 3.47 3.2 Ningyou 7 11.7 -4.5424 0 0 22.25 22.25 
SHP A06 111.47 JICB0541 3.58 3.2 Ningyou 7 11.4 -3.9167 95.04 95.04 131.17 132.47 
CHAPTER 5                                                                                                              Quantitative Traits Underlines Nitrogen Use Efficiency in B. napus     
197 
 
Trait 
Linkage 
Group 
Position 
(cM) 
Locus LOD 
GW LOD 
threshold 
Increasing 
allele 
Variance 
% 
Additive 
effect 
Minus 2 
LOD 
position 
(cM) 
Minus 1 
LOD 
position 
(cM) 
Plus 1 
LOD 
position 
(cM) 
Plus 2 
LOD 
position 
(cM) 
MFH A10 39.05 sN8502 4.71 3.3 Ningyou 7 15.3 -6.7368 25.41 35.28 44.21 62.91 
MFH C9 71.39 HR-C017-C9 4.19 3.3 Ningyou 7 11.8 -5.6269 61.1 68.92 79.42 79.42 
NB A02 52.49 HR-Sp1-210 3.46 3.2 Tapidor DH 11.5 0.5413 81.55 81.55 95.3 95.3 
NPMF A03 82.15 CNU215 4.29 3.3 Tapidor DH 13.4 4.5859 66.07 77.11 85.17 91.09 
NPMF A09 69.02 IGF1207c 4.73 3.3 Tapidor DH 16.2 5.0497 53.28 56.81 81.42 86.87 
NPMF A02 65.76 pW144 5.28 3.3 Tapidor DH 15.8 5.0490 54.45 64.08 70.06 74.35 
NSP C1 29.09 HR-S3-230 3.21 3.2 Ningyou 7 10.2 -1.1142 7.79 7.79 31.19 51.87 
NSP A04 56.11 HR-Tp4-300 4.37 3.2 Tapidor DH 14.2 1.3130 37.22 53.24 63.28 65.91 
NSP A03 15.43 IGF5154c 3.96 3.2 Ningyou 7 12.8 -1.3324 4.71 15.43 20.16 20.16 
FW C7 64.08 BRMS-185 3.58 3.2 Ningyou 7 11.2 -4.5503 60.91 60.91 69.59 88.66 
DW A06 90.89 HBr029 3.42 3.2 Ningyou 7 11.7 -0.9556 82.05 82.05 90.089 111.47 
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Figure 5.6 The linkage map for three linkage groups (A01, 02 and 
03) depicts the detected QTLs. 
The linkage groups are shown as vertical bars with markers names are 
indicated to the right and the positions (cM) of markers are shown on 
the left. QTL are represented by coloured bars (1-LOD confidence 
interval) and whiskers (2-LOD confidence interval) to the right of the 
linkage group. There is no whisker when the same marker defining the 
confidence interval satisfies both the 1- and 2-LOD positions. The QTLs 
associated with traits FT (flowering time), NB (branches number), 
NPMF (pods number on main inflorescence), SHB (stem height to the 
first branch) and NSP (seeds number per pod).  
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Figure 5.7 The linkage map for three linkage groups (A04, 05 and 
06) depicts the detected QTLs. 
LG description as for Figure 5.6. The QTLs associated with traits NSP, 
SHB, SHP (stem height to the first pod) and DW (dried weight). 
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Figure 5.8 The linkage map for three linkage groups (A09, 10 and 
C1) depicts the identified QTLs. 
LG description as for Figure 5.6. The QTLs associated with traits FT, 
NPMF, NSP and MFH (the length of main inflorescence). 
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Figure 5.9 The linkage map for three linkage groups (C3, 7 and 9) 
depicts the identified QTLs. 
LG description as for Figure 5.6. The QTLs associated with traits SHP, 
FT, MFH and FW (fresh weight). 
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additive genetic effect, interestingly, was influenced by Ningyou 7. Two QTL were 
detected affecting the length of the main inflorescence (MFH) on different LG A10 
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(Figure 5.8) and C9 (Figure 5.9), explained 15.3 and 11.8 % of the trait variation, 
respectively. A single QTL was found to be associated with each of the number of 
branches (NB) on LG A02 (Figure 5.6), fresh weight (FW) on LG C7 (Figure 5.9) and 
dry weight (DW) on LG A06 (Figure 5.7), accounted for 11.2 – 11.7 % of the 
phenotypic variation. Nevertheless, four phenotypic traits were not associated with 
any QTL regions are, pods number on branches (NPB), total pods number (TNP), plant 
height (PH) and lateral main stem (LS). 
5.4.3 Quantitative analysis of proteins of interest 
The 32 previously proteins identified, divided into four groups Table 5.1 (page 181), 
were subjected to the targeted proteomic quantitative analysis using Selected Reaction 
Monitoring (SRM) experiment as described previously in Section 5.3.4 (page 185), 
mediated by Skyline software and an external tool, MSstats. This quantitative analysis 
was performed on ten segregating TNDH lines and the two parents. In a comparison 
between the parental lines, the 32 proteins were expressed differently. Using the un-
normalised data 12 proteins were found to be up-regulated in Tapidor DH compared 
to Ningyou 7 while the rest showed no difference between them (Figure 5.10). 
However, after normalisation to the housekeeping protein Glyceraldehyde-3-phospate 
dehydrogenase (GAPDH, Bo8g065470), 26 proteins were found to be up-regulated in 
Tapidor DH compared to Ningyou 7 (Figure 5.11). Of these nine were previously 
identified as putative VSPs such as trypsin inhibitor, Water-soluble chlorophyll protein 
and protein of unknown function. Three out of four high-affinity nitrate transporters family 
were also up-regulated; Bo8g065100.1, Bo59008780.1 and Bo2g012010.1 (Figure 
5.11).  
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Figure 5.10 Protein expression pattern without normalisation. 
The relative expression levels of 32 proteins (listed in Table 5.1 page 181) 
were compared between Tapidor DH and Ningyou 7. 12 were up-regulated 
in Tapidor DH without normalisation to any of the housekeeping proteins. 
The Figure was generated using MSstats group comparison function. The 
horizontal axis represents the log2 of the fold change in the intensity of 
proteins. The vertical axis represents the -log10 of adjusted P value. Dashed 
line indicates threshold of adjusted P value (0.05). Red circles indicate up-
regulated expression of proteins. 
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Figure 5.11 Protein expression pattern with normalisation to GAPDH. 
26 proteins were up-regulated in Tapidor DH in comparison to Ningyou 7. 
Of these nine were previously identified as putative VSPs (22 and 23 kDa 
in Tapidor DH) such as Bo02800s010.1 (water soluble chlorophyll 
protein), and Bo6rg116580.1 and Bra016002 (trypsin inhibitors). Three 
HANTs, Bo8g065100.1, Bo59008780.1 and Bo2g012010.1. The full list of 
proteins and accessions number in (Table 5.1 page 181).  
 
The ten lines selected to optimise the quantitative method (SRM experiment) a range 
of variation in comparison to the parental lines when the expression normalised to 
housekeeping proteins such as GAPDH. For example, the protein of unknown function 
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DUF640 (Bo3g036160.1) which previously found to be a putative VSP, showed 
differential expression between the parental lines as well as between the 10 analysed 
lines of the segregating population Figure 5.12. 
 
Figure 5.12 The expression pattern of the unknown function protein in 
ten lines of the TNDH population with the parental lines. 
Variation in the expression of the unknown function protein between ten 
lines of the TNDH mapping population with the parental lines (Ningyou 7, 
N and Tapidor DH, T). The vertical axis represents the log2 of the protein 
intensity. Data represent the mean value of each line with error bars 
representing confidence interval at 95 % significant level. 
   
Lines 
Bo3g036160.1 
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Another interesting example is the expression pattern of indole-3-acetonitrile nitrilase 
NIT2 (Bra035006) Figure 5.13, which was previously identified in Tapidor DH and 
not in Ningyou 7. The quantitative analysis shows a substantial difference between the 
two parents and also between the ten TNDH lines. 
 
Figure 5.13 The expression pattern of NIT2 in ten lines of the TNDH 
population with its parental lines. 
The expression was normalised against GAPDH. Figures show significant 
variation between the parents and the ten lines. Data are the mean value of 
the log2 of the intensity with error bars representing 95 % confidence 
interval. 
   
Lines 
Bra035006 
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5.5 Discussion 
The aim of the study was to identify genetic loci associated with N remobilisation and 
architectural and yield related traits. 32 proteins listed in Table 5.1, were selected for 
further quantification analysis based on in-gel protein identification and differences 
between whole proteomic profiles of the parental line of the TNDH population in Stem 
B (chapter 4). Of these 32, 12 proteins had similarity to a putative 23 kDa VSP, 11 
proteins showed contrasting expression in the whole proteomic profile of the parental 
genotypes, four appeared to be putative members of the nitrate transporter family, and 
five represented well-known housekeeping proteins that showed consistent expression 
within the proteomic profile of both genotypes. However, due to the time-consuming 
quantitative analysis of the proteomic-based experiment directly related to optimising 
a reliable quantitative method, in addition, unpredictable issues experiencing 
instrumental instability of obtaining quality data, the proteomic quantitative analysis 
has only been completed for ten lines of the TNDH population randomly selected and 
the two parental lines 
Variation in the expression pattern of most of these proteins was reported among the 
12 studied genotypes. The unknown function protein Bo3g036160.1, for example, is 
one of the putative proteins for VSP that was upregulated in Tapidor DH in 
comparison with Ningyou 7 when normalised to GAPDH (Bo8g065470.1, 
Bra016729), a key enzyme in glycolysis pathway (Sirover, 2011) and one of the most 
widely used reference proteins used in comparisons of protein and gene expression 
data (Barber et al., 2005). Bo3g036160.1showed a pattern that was consistent with a 
presence or absence phenotype, in the parents in Ningyou 7 it is absent, while it was 
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expressed, in Tapidor DH, and in the offspring the same pattern is observed as shown 
in Figure 5.12. 
In comparison, the NIT2 protein (Bra035006) which had only been found to be 
expressed in Tapidor DH,(section 4.3.3) was found in five lines that also showed a 
similar expressed pattern with just one line exceed the expression of Tapidor DH. 
This is a novel approach using proteomics to map proteins as quantitative traits in a 
segregating population, is referred to as pQTL and was first used in the study by  Wu 
et al. (2013) to identify genomic regions associated with protein expression level 
within lymphoblastic cell lines in human. The strength of the technique is the 
identification of genes that underlying newly detected QTL which is considered a 
major challenge after QTL detection. Using LC-MS/MS technique to measure an array 
of proteins abundance and the difference in their expression within segregation 
population which then can be correlated with the genomic variation through the 
methods of QTL analysis. The primary challenge underlying pQTL is establishing 
reliable quantification method to determine proteins abundance level. Targeted 
proteomic such as selected monitored reaction, SRM, is a promising technique which 
could be used to help optimise this approach. 
Regarding to the architectural and yield rated traits, a total of 21 QTL were identified 
associated with nine morphological traits. This relatively high number of detected 
QTL contributes to our understanding of the multiple genetic effects controlling such 
traits. Flowering time (FT) is a key physiological trait known to be highly associated 
with plant growth, and yield related traits (Diepenbrock, 2000). One of the main 
strategies to increase yield is to bring FT forward, thus expanding the seed 
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determination period during which seed number is defined (Berry and Spink, 2006). 
A major gene controlling differences in FT in B. rapa was identified to be loci of 
Flowering Locus C (FLC) (Long et al., 2007). This gene was first shown to be a key 
regulator of the vernalisation pathway in Arabidopsis (Sheldon et al., 2000). A gene 
controlling flowering time in B. oleracea was also identified as BoFLC2 (Okazaki et 
al., 2006). Six QTL were detected in this study associated with FT. The major FT QTL 
was identified on the LG A10 which was localised to the HG-FLC-A10 marker. This 
is  known to be a well-known FL gene regulating response to vernalisation was 
previously mapped to be a major locus affecting FT in B. napus using the TNDH 
population grown under field conditions and several environments (Long et al., 2007). 
Interestingly, this QTL was found to overlap with a QTL identified to be associated 
with the length of the main inflorescence (MFH) which be explained by the later the 
FT occurs the shorter the main inflorescence. This was supported by the negative 
correlation (r =-0.51, p >0.000) that was found between these two phenotypic traits. 
In total, two QTL were identified for the MFH in agreement with three QTL previously 
identified (Yi et al., 2006) and eight identified by Chen et al. (2007). 
One identified QTL affecting the number of branches (NB) on LG A02, is in 
agreement with Yi et al. (2006) who identified two QTL to be related with NB and 
also with Chen et al. (2007) whom reported six QTL to be associated with NB on 
different LG. Interestingly, this QTL co-localised with the FT-related QTL which 
might be explained by the fact that delayed flowering promotes a greater canopy 
accumulated more nutrients could be used to grow more branches. However, no 
correlation was found between the two phenotypic traits. Three QTL were identified 
in this study associated with number of pods on the main inflorescence (NPMF) and 
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seeds number per pod (NSP). One for each of them were localised on the same LG 
A03 and the other two were localised on different LG. In comparison, QTLs related 
to NSP were previously identified on chromosome A03 (Ding et al., 2012; Shi et al., 
2013b) and C1 (Radoev et al., 2008; Shi et al., 2013b) consistent with the present 
study. A novel QTL for NSP located on chromosome A04 were mapped in the present 
study. A number of loci associated with number of pods were previously mapped on 
chromosome A03 in several studies (Shi et al., 2009; Ding et al., 2012; Shi et al., 
2015) and on chromosome A09 (Radoev et al., 2008; Shi et al., 2013b) in agreement 
with the present study. Recently, Shi et al. (2015) detected two novel QTLs associated 
with number of pods and NSP co-localised on chromosome A06. Further fine mapped 
to a 180 kb genomic region contained 33 annotated genes. It was concluded that the 
co-localisation between these two QTL was not due to pleiotropic effect, but to tight 
linkage.  
In this study, four phenotypic traits were not affected by QTLs reigns are, PH, NPB, 
TNP and LS. The reason could be directly related the size of the population used in 
this study, 120 lines, grown under this specific environment which influence the power 
of the statistical analysis and thus it could significantly affect the power of QTL 
detection as reported by a number of reports (Jansen and Stam, 1994; Kearsey and 
Farquhar, 1998; Asíns, 2002; Collard et al., 2005; Vreugdenhil et al., 2005; Druka et 
al., 2010). 22 lines of the TNDH populations were observed to possess more than one 
main stem which is the case with the parental line, Tapidor DH, whereas the rest 
possessed one main stem as it is the case with Ningyou 7. It was found, under this 
small size of population, that this trait might follow Mendelian inheritance (X2 =2.98, 
P >0.05). 
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It is known that plant height is one of the most determining traits associated with plant 
architecture. However, it is also an important traits associated with yield (Wang et al., 
2015). No QTL regions were detected associated with plant height (PH) and total 
number of pods (TNP). Nevertheless, a number of previous studies detected QTLs 
associated with these traits such as Yi et al. (2006) whom reported three QTLs 
associated with PH and one associated with TNP suing DH population (Zhongyou 821 
X Bao 604) grown under field condition, Chen et al. (2007) who detected five QTL 
regions associated with PH using 258 lines of a DH population grown in the field, 
Wang et al. (2015) reported 20 QTL associated with PH at harvest and different QTL 
were detected at different growth stages using 348 lines of a DH population, named 
KNDH, grown under field condition. 
The novel approach discussed above and the preliminary results that were obtained 
shows how a combination of protein detection with genomic knowledge could be used 
to map traits which have so far been largely ignored due to their complexity.
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6.1 General discussion  
The aim of this thesis was to elucidate the pathways underlying both mineral nutrient 
accumulation and remobilisation during different growth stages/conditions in B. 
napus. It is believe that this will increase the capacity to breed for improved nutrient 
use efficiency and hence improve the economics of its production. Understanding the 
breadth of the natural variation in minerals use among various B. napus genotypes 
under limiting minerals environment is thus an important objective. This was achieved 
by quantifying mineral nutrient composition including seven macronutrients (N, P, K, 
Mg, Ca, S and Na) and five micronutrients (B, Cu, Fe, Mn and Zn) within seven plant 
tissue types from three different plant organs; root, stem and seeds. Mineral 
concentrations were determined at two growth stages (GS 6.2/6.3 and maturity) from 
a diverse set of B. napus; 14 at GS 6.2/6.3 and 30 at maturity, field-grown under 
limited nutrients availability without fertiliser application (Hopkins et al., 2010-2011). 
In Chapters 2 and 3, the composition of minerals was shown to vary between the plant 
organs of the root, stem and seeds in B. napus, this is in agreement with Thomas et al. 
(2016) whom reported differences between leaf and seeds, as did Baxter et al. (2012) 
whom reported differences between root and leaf in A. thaliana. Additionally, the 
present study has illustrated the importance of analysing all tissues of the plant given 
the significance differences found between mineral accumulations between a number 
of tissues from the same organ of the plant. For instance, lateral roots appeared to act 
as a significant reservoir of accumulated minerals in the root system, while the taproot 
did not show the same levels of accumulation. In addition, the bottom of the stem 
differed significantly from other sections of the stem. As shown in chapter two and 
three significant differences in N, P, K, Ca and Mn concentrations within Stem B were 
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observed at GS 6.2/6.3. The Ca and P concentrations in Stem B were found to be 15- 
and 6-fold greater than Stem T, respectively. In contrast, Mn and K concentrations in 
Stem B were found to be 19- and 7.6-fold lower than Stem T, respectively. These 
results can suggest that mineral accumulation and translocation in the plant are subject 
to complex regulation mechanisms and differ between tissue types according to its 
importance. Furthermore, the accumulation pattern of mineral nutrients differed 
between growth stages. For example, root N concentration increased from GS 6.2/6.3 
to maturity, while it was decreased in the stem. A reduction of 18-fold in [Ca] and 9-
fold in [P] at maturity compared to GS 6.2/63 was observed in Stem B. In contrast, 
Mn and K concentrations increased significantly at harvest to ca. 25- and 10-fold, 
respectively, compared to GS 6.2/6.3. 
A significant amount of mineral elements were found to remain in both the stem and 
root tissues at harvest of all plants. However this differed between the lines examined, 
which in turn, highlights the inefficient mechanisms utilised by B. napus plants to 
redistribute and move mineral nutrients such as N (Gombert et al., 2010), P, K (Rose 
et al., 2007) and S (McGrath and Zhao, 1996). These mineral nutrients are those most 
in demand during OSR plant growth and development and need to be added as 
mineral-based fertilisers according to Fertiliser Manual RB209 (Defra, 2010). The cost 
of this represents 60 % of the total variable costs associated with OSR production 
(Weightman et al., 2010). Reducing the amount of minerals remaining in the plant 
tissues after harvest could therefore increase mineral use efficiency. For example, 
reducing N concentration from 0.438 %DW in Ningyou 7 to 0.046 %DW in genotype 
Best of All reduced the amount of residual N in Stem B from 8.76 to 0.92 kg N/ha. 
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Likewise, reducing K concentration 2.7 %DW in Tapidor DH to 0.53 %DW in cultivar 
Yudal will reduce the residual K in Stem B from 47 to 9 kg K/ha. 
A large range of variation in all mineral elements concentration was observed (Chapter 
2 and 3), across all the lines and the seven analysed tissues at both growth stages. At 
maturity, for example, L.root varied from ca. 3.2-fold for N to 10.7-fold for K, T.root 
B varied from ca. 2.8-fold for Cu to 18-fold for K, T.root B varied ca. 3.4-fold for B 
to 16-fold for K, Stem B varied from approximately 1.5-fold for Ca to 15-fold for Na, 
Stem M from 1.8-fold for Ca to 18.6-fold for Na, Stem T from 2.3-fold for Ca to 20-
fold for Na, and seeds varied from 1.54-fold for Mg and Mn to 5.2-fold for S. 
Genotypic variation in mineral composition has been reported previously in B. napus 
within the leaf and seeds (Thomas et al., 2016) and shoot (Bus et al., 2014), in B. 
oleracea (C genome) within shoot (Broadley et al., 2008; White et al., 2010), in B. 
rapa (A genome) within shoot (Wu et al., 2007; Wu et al., 2008). The genotypic 
differences could be used by genome-wide association analysis to identify genomic 
regions that could be later exploited to breed crops with either low or high content of 
a mineral element dependent on its utilisation. Such findings are of great importance, 
in particular, if we are to continue to reduce the inputs required for optimal plant 
growth and to enhance sustainability of crop production. Such work could be enhanced 
through developing further genetic mapping populations, for instance, Ningyou 7 x 
Temple or Winner x NK Bravour, that could result in further segregation of genes that 
underline N  and P remobilisation and use efficiency, respectively, thus allowing us to 
identify the genes involved which would lead to identification of the best allelic 
combinations  required in order for the development of new highly N and P efficient 
genotypes with high seed yields grown on  limited N and other minerals environment. 
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In Chapters 2 and 3, the relationships between mineral elements concentration were 
evaluated within and between tissues. Numerus pair-wise associations were found 
within tissue, many of them were previously reported in B. napus (Liu et al., 2009a; 
Ding et al., 2010; Bus et al., 2014; Thomas et al., 2016) and other plant species such 
as B. oleracea (Broadley et al., 2008) and A. thaliana (Baxter et al., 2012), in addition 
novel relationships were also detected. Furthermore, various relationships were 
observed between plant organs with the strongest correlation found in B, Cu and Zn 
concentration between all root and stem tissues. However, these relationship between 
minerals were found to be tissue-specific, for example, S/Ca, S/Mg and Mg/P were 
strongly associated only within roots and Stem T. Ca and Mg were correlated strongly 
in the stem but not in the seed at maturity. Moreover, these relationships were growth 
stage-specific, for instance, Ca and Mn correlated significantly within roots only at 
maturity. These findings suggest that minerals accumulation and translocation are 
regulated either completely or at least partly by independent mechanisms, or are under 
pleiotropic effects as were previously demonstrated (Liu et al., 2009a; Buescher et al., 
2010).   
Many previous studies showed that improvement in N use efficiency has been a major 
target for plant breeders for the last two decades (Bouchet et al., 2016). Different 
strategies have been suggested by the findings shown here that suggest improving N 
remobilisation within OSR plants should be a major goal. A significant source of N is 
that stored within proteins. In Chapter 4, putative vegetative storage proteins, VSPs, 
were identified and we have suggested that these could be associated with N 
remobilisation. Using LC-MS/MS techniques for protein identification, it was found 
that trypsin inhibitor was one of the main dominant proteins identified as a putative 
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23 kDa VSP. Previous studies showed that the L. chinensis 22 kDa LcVSP1 (Tian et 
al., 2007) and the S. mukorassi 23 kDa VSP (Liu et al., 2009b), possessed trypsin 
inhibitor activity. Furthermore, water-soluble chlorophyll protein was also identified 
as a putative 22 kDa VSP. This was found previously to be involved in N 
remobilisation within young leaves in B. napus under N deficiency and to possess 
protease inhibition activity (Desclos et al., 2008; Avice and Etienne, 2014). Several 
other proteins were shown to be accumulated significantly in the top part of the plants, 
particularly in the senescing siliques walls and the stem adjacent to them. These 
proteins were identified bioinformatically as putative seed storage proteins in the pod 
walls and beta-1, 3-glucanase in the stem. Interestingly, it was previously showed that 
seed storage proteins were overexpressed in the senescing pod walls of A. thaliana 
(Wagstaff et al., 2009). It was also recently shown by Koeslin-Findeklee and Horst 
(2016) that pod walls had 26 % of the total shoot N at maturity. Since sufficient amount 
of N were remobilised to the seed during development, the increased accumulation of 
these proteins would clearly elucidate the inefficiency of OSR in utilising N, which 
has been supported by numerous previous reports such as  Rossato et al. (2001) and 
Schjoerring et al. (1995). 
In Chapter 5, the number of QTLs that have been identified associated with 
architectural and yield related morphological traits showed an appropriate strategy was 
deployed. However the problems with the proteomics highlights the difficulties that 
still exist of measuring proteins in a quantifiable manor (Liebler and Zimmerman, 
2013). Developing screening strategy through which quantitative analysis could be 
performed on a proteomic based experiment would doubtlessly be an important 
strategy to identify protein QTL (pQTL) regions associate with N remobilisation and 
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utilisation in plants (Wu et al., 2013). The results show that an appropriate method has 
been developed but time constraints prevented the whole mapping population from 
being analysed. This was frustrating and yet highlights the problems that can be 
encountered. Further work suggested below indicates the steps which might yet lead 
to the development of enhanced breeding material which will enable more sustainable 
production of oilseed rape in the future. Such developments will lead to significant 
benefits both economically and socially worldwide as this should lead to increased 
crop yields while requiring lower crop inputs. 
6.2 Future work 
It was not possible to partition the amount of variation observed in the present study 
between the genetic and environmental variation since the plant materials collected 
for this study were from one replicate. Therefore, further plant materials (the whole 
plant) were collected at harvest in July 2014 from 12 B. napus L. genotypes grown 
under low N application (without N fertiliser) form the 2013/2014 OREGIN field trial. 
Four plants from each variety was collected from two blocks (a total of 48 plants from 
each block). Plants were separated into numerous sections; roots, stem, siliques walls 
and seeds, and grounded to fine powder. By further analysing these OSR plant 
materials, further understanding of the breadth of the genetic variation underlines 
mineral use under different environments will be obtained. Different approaches could 
be applied to analyse the component of variance in theses unbalanced data such as 
restricted/residual maximum likelihood, REML (Harville, 1977), which produces 
unbiased estimate of the variance components. 
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Moreover, further studies need to be carried out to explore regulation pathways 
underlying the accumulation of VSPs, and to address the increased accumulation of 
seed storage proteins during senescence. For example, investigations into the effect of 
different variables such as air temperature, soil minerals availability - particularly N, 
water deficiency and factors that influence N source sink relationship, on the 
accumulation of these proteins need to be carried out. In addition further 
characterisation of the VSPs by means of immunoelectophoresis and to study the 
activity of proteinase inhibitor of the purified VSPs in vitro is required. In addition to 
both phenotyping and proteomic developments it is envisaged that a further direction 
would be through further use of modern molecular techniques. For example the use of 
Quantitative Real Time PCR, QRT-PCR (Livak and Schmittgen, 2001) could be used 
to look at the change in gene expression encoding the proteins which were identified 
as putative storage proteins. 
Several QTLs related to architecture and yield related traits were mapped in the present 
study, the identification of the genes underlying these detected QTLs will provide a 
better understanding of pathways regulate such traits in B. napus. This will be the first 
step towards fine mapping analysis to identify candidate genes (Kearsey and Farquhar, 
1998). Further, markers associated with these identified genomic regions can be useful 
for Marker Assisted Selection, MAS programs (Collard and Mackill, 2008).  This can 
be linked to comparative genomic approaches utilising the synteny between B. napus 
and A. thaliana. This aids in gene discovery in order to develop genotypes with the 
desired agronomical traits. In addition, Backcross strategies can be applied to refine 
the size of the mapped QTL interval through which the identification of such candidate 
genes will be accelerated. 
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Performing proteomic based experiment would doubtlessly be an important strategy 
to identify pQTLs associate with N utilisation in plants. Therefore, it is important to 
continue analysing the remaining TNDH mapping population and quantify the amount 
of putative VSPs to be able to map and thus identify potential QTLs associated with 
N remobilisation. The identified pQTLs would be very useful approach to directly 
identify markers associated with these QTLs, and thus can be utilised in MAS breeding 
programs for further analysis to develop genotypes with the desired traits. Using 
different approaches to refine the interval underlying these QTLs would be of great 
importance for candidate genes identification. Providing the necessary funding, this 
would also allow determining minerals concentration in the bottom of the stem at two 
growth stages; at flowering and after 45 days after flowering, by which QTLs 
associated with minerals accumulation would be identified. 
It would also be useful to carry out full transcriptomics experiments using Next 
Generation Sequencing, NGS (McKenna et al., 2010) approaches which have been 
developed recently to elucidate differences in the metabolic pathways involved in the 
transportation of minerals within the plants. This could be done through studying 
closely related TNDH lines which indicate significant differences in their N transport 
as measured in the results shown. Further scientific breakthroughs in the 
methodologies used to measure metabolomics, proteomics and genomics will 
undoubtedly allow such studies to be completed in far more depth than I have been 
able to. The requirement for accurate phenotyping is however always going to be a 
key tool in plant breeding approaches.
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Appendix 1 N concentration at two growth stages GS 6.2/6.3 and Harvest 
 
Table 1, averaged N concentration (%DW) in seven tissue types among 
14 genotypes of B.napus at the growth stage GS 6.2/6.3. 
Variety L.root T.root B T.root T Stem B Stem M Stem T Seeds 
Canberra 0.201 0.107 0.126 0.438 0.156 0.399 2.401 
Darmor 0.258 0.142 0.140 0.527 0.189 0.514 2.550 
FD502 0.142 0.081 0.086 0.679 0.135 0.408 2.410 
Grizzly 0.125 0.111 0.101 0.457 0.143 0.333 2.530 
Lioness 0.167 0.136 0.115 0.597 0.134 0.343 2.304 
NK Bravour 0.107 0.086 0.097 0.523 0.178 0.336 2.324 
Ningyou 7 0.468 0.295 0.332 0.813 0.124 0.246 3.378 
PR45-D01 0.193 0.130 0.140 0.651 0.116 0.265 2.478 
Royal 0.138 0.086 0.070 0.663 0.119 0.370 2.508 
Sun 0.148 0.087 0.097 0.369 0.114 0.322 2.779 
Tapidor ADAS 0.136 0.129 0.127 0.718 0.155 0.363 2.600 
Tapidor DH 0.184 0.139 0.178 0.903 0.236 0.265 2.903 
Winner 0.221 0.149 0.178 0.550 0.120 0.326 2.143 
Yudal 0.258 0.136 0.156 0.565 0.166 0.271 2.989 
mean 0.196 0.129 0.139 0.604 0.149 0.340 2.593 
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Table 2, averaged N concentration (%DW) in seven tissue types among 
three crop types and 30 genotypes of B.napus at the harvest. 
Croptype Variety T.root B T.root T L.root Stem B Stem M Stem T Seeds 
Spring OSR Cubs Root DH1 0.407 0.484 0.557 0.353 0.221 0.243 2.752 
Spring OSR Drakkar 0.319 0.356 0.351 0.277 0.244 0.212 2.160 
Spring OSR Regina II DH1 0.291 0.347 0.317 0.231 0.146 0.150 3.772 
Spring OSR Stellar DH 0.259 0.274 0.308 0.167 0.082 0.077 2.275 
Spring OSR Yudal 0.292 0.248 0.403 0.386 0.398 0.157 2.613 
Spring OSR mean 0.314 0.342 0.387 0.283 0.218 0.168 2.714 
Swede Best of All 0.231 0.286 0.561 0.046 0.069 0.028 2.042 
Swede Drummonds PT 0.214 0.368 0.301 0.072 0.039 0.047 2.983 
Swede Jaune 0.311 0.360 0.462 0.131 0.097 0.102 2.490 
Swede Petranova 0.287 0.289 0.383 0.221 0.129 0.097 2.270 
Swede Turnip Hybrid 0.337 0.381 0.437 0.136 0.120 0.123 2.711 
Swede Vige DH1 0.454 0.831 NA 0.184 0.130 0.123 2.675 
Swede mean 0.306 0.419 0.429 0.132 0.097 0.087 2.529 
Winter OSR Canberra 0.332 0.378 0.407 0.393 0.267 0.235 2.386 
Winter OSR Darmor 0.244 0.169 0.282 0.269 0.154 0.159 2.456 
Winter OSR English Giant DH1 0.150 0.174 0.231 0.126 0.109 0.093 3.847 
Winter OSR FD502 0.316 0.261 0.361 0.344 0.321 0.253 2.593 
Winter OSR Grizzly 0.251 0.254 0.304 0.341 0.252 0.232 2.346 
Winter OSR Lioness 0.260 0.224 0.312 0.317 0.197 0.183 2.003 
Winter OSR NK Bravour 0.264 0.236 0.296 0.269 0.168 0.159 2.318 
Winter OSR Ningyou 7 0.503 0.487 0.672 0.438 0.259 0.213 3.060 
Winter OSR PI271452 0.243 0.178 0.283 0.208 0.138 0.075 1.810 
Winter OSR PR45-D01 0.286 0.221 0.385 0.217 0.170 0.171 2.663 
Winter OSR Red Russian 0.349 0.388 0.496 0.233 0.166 0.156 2.958 
Winter OSR Royal 0.199 0.231 0.305 0.322 0.275 0.240 1.948 
Winter OSR Sun 0.339 0.370 0.371 0.414 0.256 0.220 2.041 
Winter OSR TN145 0.187 0.173 0.280 0.172 0.127 0.088 2.616 
Winter OSR TN172 0.200 0.225 0.268 0.203 0.107 0.090 2.746 
Winter OSR Tapidor ADAS 0.346 0.310 0.404 0.422 0.252 0.257 1.862 
Winter OSR Tapidor DH 0.375 0.411 0.378 0.369 0.194 0.197 2.947 
Winter OSR Temple 0.118 0.185 0.212 0.117 0.075 0.085 1.679 
Winter OSR Winner 0.250 0.263 0.301 0.231 0.151 0.172 1.762 
Winter OSR mean 0.274 0.270 0.345 0.284 0.191 0.173 2.423 
Overall mean 0.287 0.312 0.367 0.254 0.177 0.155 2.493 
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Appendix 2 Analysis of variance of all mineral nutrients at GS 6.2/6.3 
Table 1, ANOVA tables for six macronutrients; P, K, Ca, Mg, S and Na 
with proportion of partial and total variance reported as ω²p and ω², 
respectively. The colon represents interaction between factors. 
P 
K 
    
Ca 
  
Mg 
  
S 
  
Na 
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Appendix 2 
Table 2, ANOVA tables for five micronutrients; B, Cu, Fe, Mn and Zn 
with proportion of partial and total variance reported as ω²p and ω², 
respectively. The colon represents interaction between treatment 
factors. 
B 
  
Cu 
  
Fe 
  
Mn 
  
Zn 
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Appendix 3 Macronutrient concentrations at the growth stages GS 6.2/6.3 
Table 1, averaged P concentration (%DW) in seven tissue types among 
14 genotypes of B.napus at GS 6.2/6.3. 
 
Table 2, averaged K concentration (%DW) in seven tissue types among 
14 genotypes of B.napus at GS 6.2/6.3. 
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Appendix 3 
Table 3, averaged Mg concentration (%DW) in seven tissue types among 
14 genotypes of B.napus at GS 6.2/6.3. 
 
Table 4, averaged Ca concentration (%DW) in seven tissue types among 
14 genotypes of B.napus at GS 6.2/6.3. 
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Appendix 3 
Table 5, averaged S concentration (%DW) in seven tissue types among 
14 genotypes of B.napus at GS 6.2/6.3. 
 
Table 6, averaged Na concentration (%DW) in seven tissue types among 
14 genotypes of B.napus at GS 6.2/6.3. 
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Appendix 4 Micronutrient concentrations at the growth stages GS 6.2/6.3 
Table 1, averaged B concentration (µg/g DW) in seven tissue types among 
14 genotypes of B.napus at GS 6.2/6.3. 
 
Table 2, averaged Cu concentration (µg/g DW) in seven tissue types 
among 14 genotypes of B.napus at GS 6.2/6.3. 
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Appendix 4 
Table 3, averaged Fe concentration (µg/g DW) in seven tissue types 
among 14 genotypes of B.napus at GS 6.2/6.3. 
 
Table 4, averaged Mn concentration (µg/g DW) in seven tissue types 
among 14 genotypes of B.napus at GS 6.2/6.3. 
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Appendix 4  
Table 5, averaged Zn concentration (µg/g DW) in seven tissue types 
among 14 genotypes of B.napus at GS 6.2/6.3. 
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Appendix 5 Analysis of variance of all mineral nutrients at harvest 
Table 1, ANOVA tables for six macronutrients; P, K, Mg, Ca, S and Na 
with proportion of partial and total variance reported as ω²p and ω², 
respectively. The colon represents interaction between treatment 
factors. 
P 
    
K 
    
Mg 
    
Ca 
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Appendix 5 
Table 2, Continued 
S 
    
Na 
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Appendix 5 
Table 2, ANOVA tables for five micronutrients; B, Cu, Fe, Mn and Zn 
with proportion of partial and total variance reported as ω²p and ω², 
respectively. The colon represents interaction between factors. 
B 
    
Cu 
    
Fe 
    
Mn 
    
Zn 
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Appendix 6 Macronutrient concentrations at harvest. 
Table 1, averaged P concentration (%DW) in seven tissue types among 
three crop types and 30 genotypes of B.napus at harvest. 
Croptype Variety L.root T.root B T.root T Stem B Stem M Stem T Seeds 
Spring OSR Cubs Root DH1 0.132 0.137 0.204 0.081 0.043 0.066 0.727 
Spring OSR Drakkar 0.144 0.186 0.257 0.101 0.108 0.053 0.892 
Spring OSR Regina II DH1 0.148 0.230 0.289 0.057 0.031 0.027 1.147 
Spring OSR Stellar DH 0.145 0.142 0.154 0.076 0.028 0.020 0.944 
Spring OSR Yudal 0.126 0.091 0.065 0.114 0.151 0.072 0.757 
Spring OSR mean 0.139 0.157 0.194 0.086 0.072 0.047 0.893 
Swede Best of All 0.311 0.231 0.226 0.062 0.029 0.030 0.762 
Swede Drummonds PT 0.143 0.101 0.176 0.059 0.049 0.042 0.885 
Swede Jaune 0.275 0.218 0.278 0.093 0.061 0.060 0.981 
Swede Petranova 0.165 0.150 0.165 0.099 0.047 0.028 0.874 
Swede Turnip Hybrid 0.227 0.175 0.232 0.081 0.060 0.058 1.017 
Swede Vige DH1 NA 0.309 0.659 0.082 0.055 0.064 0.857 
Swede mean 0.224 0.197 0.289 0.080 0.050 0.047 0.896 
Winter OSR Canberra 0.223 0.192 0.167 0.197 0.137 0.090 0.660 
Winter OSR Darmor 0.132 0.108 0.076 0.106 0.038 0.046 0.651 
Winter OSR English Giant DH1 0.425 0.273 0.247 0.134 0.093 0.076 0.824 
Winter OSR FD502 0.201 0.132 0.106 0.164 0.160 0.099 0.622 
Winter OSR Grizzly 0.146 0.126 0.132 0.130 0.083 0.049 0.618 
Winter OSR Lioness 0.180 0.118 0.130 0.191 0.107 0.045 0.878 
Winter OSR NK Bravour 0.309 0.261 0.212 0.227 0.203 0.118 0.765 
Winter OSR Ningyou 7 0.306 0.223 0.239 0.144 0.087 0.095 0.718 
Winter OSR PI271452 0.090 0.089 0.058 0.048 0.039 0.045 0.891 
Winter OSR PR45-D01 0.219 0.150 0.141 0.102 0.056 0.045 0.863 
Winter OSR Red Russian 0.255 0.162 0.184 0.074 0.057 0.065 1.069 
Winter OSR Royal 0.200 0.109 0.112 0.164 0.108 0.052 0.806 
Winter OSR Sun 0.246 0.182 0.201 0.263 0.136 0.089 0.734 
Winter OSR TN145 0.186 0.024 0.087 0.184 0.122 0.050 0.621 
Winter OSR TN172 0.133 0.137 0.132 0.116 0.046 0.039 0.599 
Winter OSR Tapidor ADAS 0.207 0.135 0.138 0.251 0.126 0.078 0.832 
Winter OSR Tapidor DH 0.111 0.158 0.137 0.163 0.060 0.038 0.831 
Winter OSR Temple 0.192 0.115 0.138 0.129 0.076 0.041 0.736 
Winter OSR Winner 0.262 0.213 0.183 0.192 0.126 0.075 0.728 
Winter OSR mean 0.212 0.153 0.148 0.157 0.098 0.065 0.760 
Overall mean 0.201 0.163 0.184 0.129 0.084 0.059 0.810 
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Table 2, averaged K concentration (%DW) in seven tissue types among 
three crop types and 30 genotypes of B.napus at harvest. 
Croptype Variety L.root T.root B T.root T Stem B Stem M Stem T Seeds 
Spring OSR Cubs Root DH1 0.763 0.411 0.376 1.082 1.186 0.850 0.519 
Spring OSR Drakkar 1.058 0.950 0.731 1.953 1.593 1.264 0.532 
Spring OSR Regina II DH1 0.299 0.177 0.212 2.059 1.801 1.225 0.977 
Spring OSR Stellar DH 0.525 0.428 0.421 1.829 1.682 1.424 0.607 
Spring OSR Yudal 0.187 0.097 0.120 0.534 1.083 1.449 0.503 
Spring OSR mean 0.566 0.413 0.372 1.491 1.469 1.243 0.628 
Swede Best of All 1.993 1.738 1.901 1.682 1.133 1.014 0.603 
Swede Drummonds PT 0.436 0.240 0.333 1.282 1.610 1.574 0.636 
Swede Jaune 1.861 1.474 0.858 2.019 1.972 2.114 0.627 
Swede Petranova 0.652 0.460 0.409 1.710 2.116 1.834 0.738 
Swede Turnip Hybrid 1.799 1.490 1.344 1.770 1.459 1.108 0.646 
Swede Vige DH1 NA 0.356 0.809 1.317 0.671 0.356 0.650 
Swede mean 1.348 0.959 0.942 1.630 1.494 1.333 0.650 
Winter OSR Canberra 1.057 1.032 0.938 1.945 1.686 1.253 0.535 
Winter OSR Darmor 1.180 1.082 0.830 1.858 1.293 1.121 0.570 
Winter OSR English Giant DH1 1.310 1.260 1.225 2.024 1.502 1.158 0.648 
Winter OSR FD502 1.055 0.969 0.933 1.881 1.854 1.307 0.509 
Winter OSR Grizzly 1.149 1.078 0.863 1.811 1.548 1.070 0.540 
Winter OSR Lioness 1.288 1.123 1.014 2.298 1.666 0.967 0.544 
Winter OSR NK Bravour 1.070 1.095 0.859 1.899 1.764 1.246 0.548 
Winter OSR Ningyou 7 1.223 1.128 0.905 1.204 1.520 1.380 0.603 
Winter OSR PI271452 0.840 0.769 0.566 0.808 0.607 0.391 0.736 
Winter OSR PR45-D01 1.092 0.773 0.713 0.998 0.937 0.828 0.674 
Winter OSR Red Russian 0.970 0.791 0.676 1.684 1.890 1.334 0.641 
Winter OSR Royal 1.018 0.793 0.725 2.142 2.036 1.427 0.629 
Winter OSR Sun 1.485 1.294 1.393 2.143 1.734 1.296 0.515 
Winter OSR TN145 1.244 0.250 0.655 2.110 1.644 1.120 0.575 
Winter OSR TN172 0.961 0.732 0.567 1.312 1.245 1.197 0.511 
Winter OSR Tapidor ADAS 1.688 1.199 1.024 2.719 2.263 1.390 0.611 
Winter OSR Tapidor DH 1.120 0.823 0.700 1.837 1.972 1.535 0.528 
Winter OSR Temple 1.093 0.746 0.712 1.572 1.321 0.912 0.388 
Winter OSR Winner 1.088 1.104 0.877 1.808 1.990 1.243 0.612 
Winter OSR mean 1.154 0.950 0.851 1.792 1.604 1.167 0.575 
Overall mean 1.086 0.862 0.790 1.710 1.559 1.213 0.599 
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Table 3, averaged Mg concentration (%DW) in seven tissue types among 
three crop types and 30 genotypes of B.napus at harvest. 
Croptype Variety L.root T.root B T.root T Stem B Stem M Stem T Seeds 
Spring OSR Cubs Root DH1 0.064 0.030 0.049 0.083 0.041 0.055 0.211 
Spring OSR Drakkar 0.052 0.050 0.044 0.056 0.056 0.041 0.233 
Spring OSR Regina II DH1 0.043 0.042 0.049 0.100 0.051 0.030 0.272 
Spring OSR Stellar DH 0.059 0.047 0.038 0.058 0.021 0.027 0.216 
Spring OSR Yudal 0.033 0.020 0.027 0.066 0.070 0.057 0.188 
Spring OSR mean 0.050 0.038 0.041 0.073 0.048 0.042 0.224 
Swede Best of All 0.169 0.096 0.090 0.061 0.042 0.048 0.228 
Swede Drummonds PT 0.034 0.035 0.056 0.074 0.049 0.042 0.253 
Swede Jaune 0.168 0.139 0.148 0.086 0.050 0.054 0.238 
Swede Petranova 0.062 0.054 0.042 0.100 0.055 0.040 0.233 
Swede Turnip Hybrid 0.148 0.112 0.122 0.078 0.053 0.069 0.258 
Swede Vige DH1 NA 0.101 0.236 0.041 0.018 0.021 0.180 
Swede mean 0.116 0.090 0.116 0.073 0.044 0.046 0.232 
Winter OSR Canberra 0.094 0.086 0.064 0.135 0.090 0.076 0.208 
Winter OSR Darmor 0.047 0.042 0.025 0.118 0.072 0.043 0.192 
Winter OSR English Giant DH1 0.089 0.046 0.043 0.080 0.043 0.041 0.209 
Winter OSR FD502 0.082 0.083 0.040 0.112 0.069 0.063 0.185 
Winter OSR Grizzly 0.035 0.049 0.049 0.084 0.054 0.053 0.179 
Winter OSR Lioness 0.050 0.048 0.039 0.106 0.057 0.037 0.241 
Winter OSR NK Bravour 0.083 0.067 0.029 0.064 0.037 0.024 0.217 
Winter OSR Ningyou 7 0.105 0.095 0.053 0.080 0.077 0.081 0.190 
Winter OSR PI271452 0.073 0.047 0.026 0.091 0.067 0.074 0.246 
Winter OSR PR45-D01 0.090 0.056 0.046 0.084 0.055 0.045 0.235 
Winter OSR Red Russian 0.126 0.081 0.061 0.085 0.041 0.036 0.259 
Winter OSR Royal 0.069 0.042 0.039 0.092 0.063 0.047 0.241 
Winter OSR Sun 0.066 0.083 0.054 0.099 0.053 0.038 0.233 
Winter OSR TN145 0.087 0.014 0.037 0.103 0.048 0.032 0.181 
Winter OSR TN172 0.066 0.053 0.035 0.089 0.058 0.056 0.176 
Winter OSR Tapidor ADAS 0.071 0.068 0.048 0.122 0.066 0.056 0.241 
Winter OSR Tapidor DH 0.066 0.074 0.063 0.104 0.060 0.056 0.236 
Winter OSR Temple 0.083 0.057 0.056 0.105 0.061 0.066 0.211 
Winter OSR Winner 0.086 0.082 0.050 0.086 0.062 0.037 0.201 
Winter OSR mean 0.077 0.062 0.045 0.097 0.060 0.051 0.215 
Overall mean 0.079 0.063 0.059 0.088 0.055 0.048 0.220 
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Table 4, averaged Ca concentration (%DW) in seven tissue types among 
three crop types and 30 genotypes of B.napus at harvest. 
Croptype Variety L.root T.root B T.root T Stem B Stem M Stem T Seeds 
Spring OSR Cubs Root DH1 0.587 0.603 0.717 0.893 0.709 0.982 0.452 
Spring OSR Drakkar 0.507 0.461 0.511 0.727 0.756 0.515 0.462 
Spring OSR Regina II DH1 0.678 0.834 0.894 0.820 0.663 0.520 0.427 
Spring OSR Stellar DH 0.757 0.605 0.498 0.694 0.462 0.506 0.471 
Spring OSR Yudal 0.557 0.458 0.347 0.765 0.733 0.628 0.495 
Spring OSR mean 0.617 0.592 0.593 0.780 0.665 0.630 0.461 
Swede Best of All 1.213 0.546 0.626 0.850 0.709 0.886 0.426 
Swede Drummonds PT 0.698 0.489 0.693 0.826 0.747 0.768 0.507 
Swede Jaune 0.946 0.608 0.976 0.841 0.682 0.763 0.489 
Swede Petranova 0.691 0.580 0.518 0.795 0.657 0.622 0.319 
Swede Turnip Hybrid 0.767 0.569 0.724 0.760 0.666 0.762 0.506 
Swede Vige DH1 NA 1.166 2.159 0.745 0.590 0.736 0.467 
Swede mean 0.863 0.659 0.949 0.803 0.675 0.756 0.452 
Winter OSR Canberra 0.566 0.451 0.444 0.903 0.788 0.666 0.393 
Winter OSR Darmor 0.542 0.433 0.364 0.906 0.669 0.528 0.392 
Winter OSR English Giant DH1 0.625 0.354 0.346 0.695 0.573 0.531 0.371 
Winter OSR FD502 0.585 0.477 0.419 1.010 0.844 0.684 0.387 
Winter OSR Grizzly 0.357 0.308 0.353 0.753 0.569 0.479 0.405 
Winter OSR Lioness 0.529 0.421 0.384 0.870 0.647 0.531 0.475 
Winter OSR NK Bravour 0.500 0.369 0.322 0.768 0.608 0.518 0.429 
Winter OSR Ningyou 7 0.793 0.584 0.579 0.825 0.843 1.077 0.442 
Winter OSR PI271452 0.561 0.460 0.333 0.832 0.632 0.768 0.431 
Winter OSR PR45-D01 0.505 0.341 0.317 0.743 0.548 0.506 0.438 
Winter OSR Red Russian 0.810 0.554 0.548 0.890 0.507 0.639 0.449 
Winter OSR Royal 0.452 0.300 0.307 0.832 0.662 0.572 0.391 
Winter OSR Sun 0.468 0.457 0.360 0.892 0.622 0.671 0.388 
Winter OSR TN145 0.575 0.076 0.240 0.917 0.553 0.464 0.326 
Winter OSR TN172 0.577 0.474 0.405 0.928 0.580 0.694 0.335 
Winter OSR Tapidor ADAS 0.581 0.521 0.353 1.024 0.664 0.567 0.463 
Winter OSR Tapidor DH 0.527 0.593 0.476 0.822 0.589 0.536 0.517 
Winter OSR Temple 0.684 0.420 0.391 0.967 0.682 0.674 0.421 
Winter OSR Winner 0.511 0.395 0.384 0.816 0.536 0.560 0.391 
Winter OSR mean 0.566 0.420 0.386 0.863 0.638 0.614 0.413 
Overall mean 0.626 0.497 0.533 0.837 0.650 0.645 0.429 
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Table 5, averaged S concentration (%DW) in seven tissue types among 
three crop types and 30 genotypes of B.napus at harvest. 
Croptype Variety L.root T.root B T.root T Stem B Stem M Stem T Seeds 
Spring OSR Cubs Root DH1 0.246 0.191 0.232 0.235 0.274 0.384 0.419 
Spring OSR Drakkar 0.190 0.156 0.155 0.193 0.209 0.165 0.290 
Spring OSR Regina II DH1 0.179 0.201 0.188 0.270 0.284 0.215 0.964 
Spring OSR Stellar DH 0.143 0.136 0.138 0.216 0.254 0.320 0.243 
Spring OSR Yudal 0.144 0.111 0.103 0.171 0.258 0.355 0.625 
Spring OSR mean 0.181 0.159 0.163 0.217 0.256 0.288 0.509 
Swede Best of All 0.425 0.190 0.195 0.174 0.165 0.193 0.592 
Swede Drummonds PT 0.164 0.126 0.208 0.180 0.194 0.196 0.689 
Swede Jaune 0.482 0.338 0.262 0.304 0.264 0.387 0.480 
Swede Petranova 0.236 0.191 0.168 0.212 0.195 0.228 0.674 
Swede Turnip Hybrid 0.214 0.225 0.195 0.169 0.169 0.182 0.697 
Swede Vige DH1 NA 0.200 0.408 0.149 0.107 0.100 0.591 
Swede mean 0.304 0.212 0.239 0.198 0.182 0.214 0.621 
Winter OSR Canberra 0.134 0.106 0.088 0.250 0.222 0.201 0.294 
Winter OSR Darmor 0.131 0.123 0.124 0.322 0.236 0.186 0.465 
Winter OSR English Giant DH1 0.222 0.164 0.151 0.245 0.220 0.228 0.942 
Winter OSR FD502 0.132 0.104 0.098 0.244 0.259 0.220 0.323 
Winter OSR Grizzly 0.109 0.082 0.078 0.246 0.210 0.175 0.295 
Winter OSR Lioness 0.126 0.090 0.104 0.295 0.263 0.219 0.232 
Winter OSR NK Bravour 0.098 0.079 0.066 0.158 0.155 0.142 0.200 
Winter OSR Ningyou 7 0.268 0.262 0.224 0.279 0.277 0.419 0.518 
Winter OSR PI271452 0.220 0.176 0.184 0.192 0.163 0.216 0.259 
Winter OSR PR45-D01 0.148 0.087 0.070 0.158 0.134 0.143 0.250 
Winter OSR Red Russian 0.299 0.318 0.309 0.305 0.223 0.240 1.040 
Winter OSR Royal 0.144 0.095 0.089 0.242 0.243 0.219 0.261 
Winter OSR Sun 0.158 0.126 0.107 0.260 0.224 0.210 0.240 
Winter OSR TN145 0.156 0.114 0.099 0.215 0.182 0.183 0.295 
Winter OSR TN172 0.127 0.123 0.105 0.168 0.183 0.262 0.356 
Winter OSR Tapidor ADAS 0.158 0.112 0.113 0.255 0.285 0.249 0.263 
Winter OSR Tapidor DH 0.094 0.104 0.100 0.141 0.163 0.199 0.514 
Winter OSR Temple 0.182 0.121 0.112 0.191 0.163 0.151 0.236 
Winter OSR Winner 0.130 0.117 0.102 0.192 0.181 0.175 0.217 
Winter OSR mean 0.160 0.132 0.122 0.229 0.210 0.212 0.379 
Overall mean 0.188 0.152 0.152 0.221 0.212 0.225 0.449 
 
PhD THESIS                                                                                                                               Appendices    
268 
 
Appendix 6 
Table 6, averaged Na concentration (%DW) in seven tissue types among 
three crop types and 30 genotypes of B.napus at harvest. 
Croptype Variety L.root T.root B T.root T Stem B Stem M Stem T Seeds 
Spring OSR Cubs Root DH1 0.281 0.225 0.166 0.343 0.384 0.259 0.0023 
Spring OSR Drakkar 0.149 0.123 0.113 0.288 0.232 0.158 0.0043 
Spring OSR Regina II DH1 0.149 0.076 0.095 0.701 0.668 0.390 0.0076 
Spring OSR Stellar DH 0.132 0.115 0.121 0.224 0.243 0.159 0.0061 
Spring OSR Yudal 0.070 0.042 0.044 0.163 0.198 0.264 0.0049 
Spring OSR mean 0.156 0.116 0.108 0.344 0.345 0.246 0.0051 
Swede Best of All 0.278 0.171 0.157 0.104 0.049 0.037 0.0027 
Swede Drummonds PT 0.151 0.094 0.132 0.348 0.342 0.302 0.0050 
Swede Jaune 0.191 0.232 0.154 0.113 0.063 0.047 0.0042 
Swede Petranova 0.301 0.262 0.185 0.667 0.586 0.487 0.0051 
Swede Turnip Hybrid 0.208 0.213 0.245 0.157 0.106 0.085 0.0023 
Swede Vige DH1 NA 0.113 0.172 0.125 0.053 0.024 0.0052 
Swede mean 0.226 0.181 0.174 0.252 0.200 0.164 0.0041 
Winter OSR Canberra 0.090 0.114 0.111 0.162 0.085 0.047 0.0024 
Winter OSR Darmor 0.223 0.260 0.199 0.314 0.224 0.175 0.0025 
Winter OSR English Giant DH1 0.076 0.128 0.120 0.120 0.052 0.029 0.0025 
Winter OSR FD502 0.158 0.151 0.119 0.178 0.126 0.093 0.0024 
Winter OSR Grizzly 0.125 0.123 0.120 0.161 0.120 0.060 0.0022 
Winter OSR Lioness 0.136 0.167 0.162 0.192 0.139 0.089 0.0041 
Winter OSR NK Bravour 0.140 0.156 0.151 0.171 0.118 0.074 0.0041 
Winter OSR Ningyou 7 0.193 0.239 0.193 0.238 0.210 0.174 0.0026 
Winter OSR PI271452 0.365 0.342 0.298 0.565 0.378 0.318 0.0045 
Winter OSR PR45-D01 0.154 0.156 0.178 0.207 0.132 0.096 0.0045 
Winter OSR Red Russian 0.297 0.290 0.277 0.467 0.309 0.260 0.0045 
Winter OSR Royal 0.231 0.226 0.228 0.369 0.266 0.186 0.0046 
Winter OSR Sun 0.066 0.072 0.069 0.046 0.036 0.029 0.0043 
Winter OSR TN145 0.105 0.029 0.081 0.130 0.075 0.043 0.0024 
Winter OSR TN172 0.128 0.143 0.115 0.142 0.093 0.122 0.0022 
Winter OSR Tapidor ADAS 0.142 0.217 0.170 0.206 0.123 0.084 0.0041 
Winter OSR Tapidor DH 0.379 0.323 0.319 0.363 0.312 0.220 0.0023 
Winter OSR Temple 0.125 0.151 0.135 0.171 0.099 0.068 0.0041 
Winter OSR Winner 0.074 0.088 0.083 0.077 0.061 0.034 0.0044 
Winter OSR mean 0.169 0.178 0.165 0.225 0.156 0.116 0.0034 
Overall mean 0.176 0.168 0.157 0.250 0.196 0.147 0.0038 
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Appendix 7 Micronutrient concentrations at harvest 
Table 1, averaged B concentration (µg/g DW) in seven tissue types among 
30 genotypes of B.napus at harvest. 
Croptype Variety L.root T.root B T.root T Stem B Stem M Stem T Seeds 
Spring OSR Cubs Root DH1 10.87 7.42 7.49 9.17 8.75 9.61 8.08 
Spring OSR Drakkar 10.93 8.25 6.87 12.17 11.51 10.04 8.22 
Spring OSR Regina II DH1 7.06 7.95 7.02 11.72 10.51 10.04 8.60 
Spring OSR Stellar DH 9.87 7.67 6.77 12.90 10.29 9.95 8.47 
Spring OSR Yudal 16.68 11.97 11.98 23.41 22.92 15.98 8.46 
Spring OSR mean 11.08 8.65 8.03 13.87 12.79 11.12 8.37 
Swede Best of All 26.27 13.34 13.52 12.87 11.26 10.15 8.84 
Swede Drummonds PT 10.00 8.62 10.17 11.00 9.97 9.82 8.98 
Swede Jaune 16.58 11.46 15.36 12.50 10.42 9.93 7.23 
Swede Petranova 11.35 7.84 6.91 11.97 11.38 10.57 8.63 
Swede Turnip Hybrid 15.33 12.44 13.58 13.18 10.58 9.75 6.06 
Swede Vige DH1 NA 12.90 19.84 14.20 12.78 12.52 9.56 
Swede mean 15.90 11.10 13.23 12.62 11.06 10.46 8.22 
Winter OSR Canberra 11.84 9.41 8.99 14.84 14.04 13.08 7.57 
Winter OSR Darmor 15.13 12.25 12.68 17.37 15.96 12.69 8.39 
Winter OSR English Giant DH1 11.09 8.19 8.25 13.09 12.09 11.93 5.23 
Winter OSR FD502 12.10 8.99 9.44 14.02 12.78 12.27 7.99 
Winter OSR Grizzly 11.29 7.92 8.23 12.46 10.33 9.45 8.74 
Winter OSR Lioness 14.00 8.78 9.50 13.35 11.81 10.59 9.90 
Winter OSR NK Bravour 8.92 7.54 7.41 11.69 10.30 8.99 8.36 
Winter OSR Ningyou 7 13.60 11.75 12.38 14.22 15.23 14.83 7.89 
Winter OSR PI271452 10.54 7.62 10.38 10.58 8.53 11.25 10.69 
Winter OSR PR45-D01 13.99 10.00 7.78 11.14 10.84 10.16 9.56 
Winter OSR Red Russian 11.06 8.31 7.91 12.82 11.75 11.21 9.63 
Winter OSR Royal 10.28 8.40 8.17 12.18 12.05 11.09 9.25 
Winter OSR Sun 11.76 7.73 8.08 14.12 11.63 9.83 8.47 
Winter OSR TN145 10.92 6.83 6.60 11.76 10.02 8.91 8.29 
Winter OSR TN172 10.39 7.92 6.94 10.47 10.05 9.84 8.89 
Winter OSR Tapidor ADAS 13.33 10.44 9.09 14.07 12.85 10.96 10.47 
Winter OSR Tapidor DH 25.70 22.72 22.19 23.05 24.06 22.99 8.19 
Winter OSR Temple 9.72 7.78 7.17 12.40 10.94 9.89 8.19 
Winter OSR Winner 10.50 9.71 8.39 14.20 11.53 10.73 9.54 
Winter OSR mean 12.43 9.59 9.45 13.57 12.46 11.62 8.70 
Overall mean 12.80 9.74 9.97 13.43 12.24 11.30 8.55 
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Table 2, averaged Cu concentration (µg/g DW) in seven tissue types 
among 30 genotypes of B.napus at harvest. 
Croptype Variety L.root T.root B T.root T Stem B Stem M Stem T Seeds 
Spring OSR Cubs Root DH1 3.74 2.42 2.97 1.77 1.57 1.44 2.09 
Spring OSR Drakkar 4.36 2.98 2.13 1.61 2.06 1.45 2.99 
Spring OSR Regina II DH1 1.53 2.98 2.31 1.81 2.09 2.14 4.96 
Spring OSR Stellar DH 3.68 2.12 1.91 1.13 1.11 1.11 2.78 
Spring OSR Yudal 4.42 2.39 1.91 0.87 0.88 1.30 2.34 
Spring OSR mean 3.54 2.58 2.24 1.44 1.54 1.49 3.03 
Swede Best of All 9.32 3.42 4.60 2.11 2.45 2.48 1.80 
Swede Drummonds PT 5.09 2.99 2.59 1.70 1.51 2.01 2.52 
Swede Jaune 4.54 1.93 1.65 2.06 1.96 1.47 2.12 
Swede Petranova 5.29 3.42 3.04 2.26 3.02 2.30 3.50 
Swede Turnip Hybrid 4.24 2.31 2.24 1.59 1.82 2.12 1.52 
Swede Vige DH1 NA 3.18 2.54 3.50 1.66 1.50 2.19 
Swede mean 5.70 2.87 2.78 2.20 2.07 1.98 2.28 
Winter OSR Canberra 2.96 2.54 1.48 1.25 1.72 1.37 1.97 
Winter OSR Darmor 2.51 1.63 2.16 1.61 1.30 1.23 2.39 
Winter OSR English Giant DH1 3.38 2.49 2.30 1.89 1.89 2.21 1.48 
Winter OSR FD502 2.88 1.95 1.18 1.49 1.08 1.48 1.75 
Winter OSR Grizzly 3.40 1.97 2.28 1.83 1.83 1.61 2.30 
Winter OSR Lioness 3.77 2.63 1.97 1.56 1.65 1.89 3.13 
Winter OSR NK Bravour 2.19 1.95 1.48 1.15 1.03 1.26 2.90 
Winter OSR Ningyou 7 4.50 3.60 3.25 2.18 1.94 2.03 1.67 
Winter OSR PI271452 4.89 3.13 2.80 3.02 2.83 2.54 3.07 
Winter OSR PR45-D01 2.81 2.19 1.73 1.17 1.29 1.44 2.75 
Winter OSR Red Russian 3.35 2.36 2.36 2.84 2.90 2.11 2.29 
Winter OSR Royal 1.60 1.30 1.40 0.58 0.86 1.09 2.89 
Winter OSR Sun 3.62 1.77 1.38 1.03 0.86 1.08 3.25 
Winter OSR TN145 1.95 1.81 1.48 1.36 1.00 1.12 2.41 
Winter OSR TN172 3.12 2.49 2.37 1.62 1.83 1.80 2.57 
Winter OSR Tapidor ADAS 2.61 2.72 2.21 1.66 1.58 1.57 3.11 
Winter OSR Tapidor DH 2.13 1.76 1.61 1.33 1.16 1.01 2.43 
Winter OSR Temple 2.35 1.95 2.17 1.73 2.03 2.00 2.58 
Winter OSR Winner 3.15 2.70 2.25 1.98 1.93 1.52 2.59 
Winter OSR mean 3.01 2.26 1.99 1.65 1.62 1.60 2.50 
Overall mean 3.56 2.44 2.19 1.72 1.69 1.66 2.54 
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Table 3, averaged Fe concentration (µg/g DW) in seven tissue types 
among 30 genotypes of B.napus at harvest. 
Croptype Variety L.root T.root B T.root T Stem B Stem M Stem T Seeds 
Spring OSR Cubs Root DH1 278.2 179.5 160.5 25.72 24.07 26.33 55.17 
Spring OSR Drakkar 256.4 144.4 89.0 22.79 22.60 19.75 42.65 
Spring OSR Regina II DH1 388.9 296.9 246.3 30.25 22.28 21.15 59.22 
Spring OSR Stellar DH 281.5 257.8 124.2 28.52 22.71 23.70 48.09 
Spring OSR Yudal 278.8 107.6 103.8 17.37 14.70 19.45 38.31 
Spring OSR mean 296.8 197.2 144.8 24.93 21.27 22.08 48.69 
Swede Best of All 336.8 181.9 120.1 17.69 10.54 15.01 45.31 
Swede Drummonds PT 312.3 227.0 140.8 15.08 10.08 11.04 48.87 
Swede Jaune 323.2 108.1 73.9 20.76 13.56 17.01 55.36 
Swede Petranova 267.5 137.1 119.4 20.44 10.97 16.19 52.84 
Swede Turnip Hybrid 265.8 242.5 175.5 28.88 18.56 23.85 62.12 
Swede Vige DH1 NA 327.3 157.3 21.58 19.01 23.95 44.41 
Swede mean 301.1 204.0 131.2 20.74 13.79 17.84 51.48 
Winter OSR Canberra 265.9 180.5 78.9 28.84 21.34 22.09 61.93 
Winter OSR Darmor 170.2 100.1 92.5 25.95 14.55 20.50 47.23 
Winter OSR English Giant DH1 146.2 118.5 142.3 19.81 16.28 17.75 53.16 
Winter OSR FD502 236.2 142.5 86.3 24.88 20.85 20.55 51.51 
Winter OSR Grizzly 191.3 97.1 75.6 24.68 15.93 14.88 52.54 
Winter OSR Lioness 262.2 117.4 99.5 20.36 17.82 14.38 57.15 
Winter OSR NK Bravour 115.9 107.1 74.5 17.70 12.74 14.51 59.34 
Winter OSR Ningyou 7 295.7 202.8 173.7 29.34 21.73 29.09 38.99 
Winter OSR PI271452 412.7 279.0 26.8 28.95 34.52 29.83 46.43 
Winter OSR PR45-D01 155.7 92.0 71.7 21.59 14.63 23.22 45.36 
Winter OSR Red Russian 246.7 124.7 113.8 16.67 14.59 21.15 63.18 
Winter OSR Royal 142.7 94.7 109.9 23.75 23.09 16.00 56.58 
Winter OSR Sun 300.3 145.3 91.0 28.14 20.31 23.30 58.85 
Winter OSR TN145 254.0 115.3 66.4 17.22 14.16 14.44 60.17 
Winter OSR TN172 240.5 146.4 156.4 22.91 18.41 17.52 54.40 
Winter OSR Tapidor ADAS 218.4 165.0 151.1 26.00 26.07 21.61 53.06 
Winter OSR Tapidor DH 184.8 113.2 135.9 22.51 18.78 22.98 58.75 
Winter OSR Temple 261.6 140.3 119.6 18.35 14.72 14.21 48.29 
Winter OSR Winner 222.4 212.4 115.4 33.24 21.34 30.49 47.29 
Winter OSR mean 227.5 141.8 104.3 23.73 19.04 20.45 53.38 
Overall mean 252.2 163.5 116.4 23.33 18.36 20.20 52.22 
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Table 4, averaged Mn concentration (µg/g DW) in seven tissue types 
among 30 genotypes of B.napus at harvest. 
Croptype Variety L.root T.root B T.root T Stem B Stem M Stem T Seeds 
Spring OSR Cubs Root DH1 25.90 13.66 17.64 13.48 8.07 11.26 37.23 
Spring OSR Drakkar 15.58 10.50 9.16 14.18 14.29 9.17 36.62 
Spring OSR Regina II DH1 24.95 20.93 25.94 14.80 15.17 14.24 32.46 
Spring OSR Stellar DH 37.41 18.56 13.41 15.56 7.83 7.70 44.16 
Spring OSR Yudal 25.35 8.32 6.56 8.52 6.32 3.49 31.42 
Spring OSR mean 25.84 14.39 14.54 13.31 10.33 9.17 36.38 
Swede Best of All 52.59 14.09 18.67 9.79 6.79 7.70 37.85 
Swede Drummonds PT 24.75 12.49 23.59 3.57 3.28 3.13 40.01 
Swede Jaune 25.45 10.18 12.62 6.59 5.48 6.51 41.45 
Swede Petranova 19.04 9.56 10.35 10.82 7.32 5.06 30.64 
Swede Turnip Hybrid 31.29 18.48 19.74 11.71 9.71 11.61 38.99 
Swede Vige DH1 NA 29.25 28.90 5.25 3.67 4.35 37.38 
Swede mean 30.63 15.67 18.98 7.95 6.04 6.39 37.72 
Winter OSR Canberra 19.92 13.98 7.95 12.62 10.60 8.09 47.25 
Winter OSR Darmor 14.34 9.25 5.31 9.98 6.14 5.50 38.71 
Winter OSR English Giant DH1 14.49 9.20 9.63 11.53 8.46 8.51 31.67 
Winter OSR FD502 15.68 11.08 8.36 14.50 11.86 11.62 38.84 
Winter OSR Grizzly 12.51 15.54 8.45 11.40 8.07 6.34 34.09 
Winter OSR Lioness 19.73 10.50 7.62 13.31 9.28 7.07 41.31 
Winter OSR NK Bravour 18.82 13.49 9.12 16.37 13.44 10.65 38.08 
Winter OSR Ningyou 7 33.69 20.59 16.74 9.23 7.04 6.96 35.38 
Winter OSR PI271452 29.85 22.61 14.15 21.72 17.08 17.95 31.65 
Winter OSR PR45-D01 13.36 7.57 5.24 8.77 7.21 7.36 30.98 
Winter OSR Red Russian 19.77 10.92 9.72 7.80 6.66 10.13 32.91 
Winter OSR Royal 17.60 10.96 8.79 17.39 12.26 9.95 40.64 
Winter OSR Sun 25.52 21.27 14.80 31.53 23.32 20.25 36.61 
Winter OSR TN145 20.69 2.54 7.24 19.25 15.92 12.41 40.41 
Winter OSR TN172 17.70 11.86 11.28 15.44 9.94 12.01 36.41 
Winter OSR Tapidor ADAS 17.67 15.14 7.99 16.61 11.25 9.59 43.00 
Winter OSR Tapidor DH 29.00 23.31 18.81 31.16 14.66 11.85 35.71 
Winter OSR Temple 17.87 10.48 10.47 12.21 8.87 8.44 36.08 
Winter OSR Winner 15.96 12.24 7.91 12.36 6.55 6.80 33.68 
Winter OSR mean 19.69 13.29 9.98 15.43 10.98 10.08 37.02 
Overall mean 22.64 13.95 12.54 13.58 9.89 9.19 37.05 
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Table 5, averaged Zn concentration (µg/g DW) in seven tissue types 
among 30 genotypes of B.napus at harvest. 
Croptype Variety L.root T.root B T.root T Stem B Stem M Stem T Seeds 
Spring OSR Cubs Root DH1 19.13 10.24 10.29 13.71 16.29 15.55 42.92 
Spring OSR Drakkar 20.74 9.75 7.25 7.25 7.20 5.04 30.35 
Spring OSR Regina II DH1 14.97 11.86 10.15 10.52 7.80 6.11 42.65 
Spring OSR Stellar DH 17.24 9.19 6.52 9.87 6.25 4.89 30.21 
Spring OSR Yudal 15.60 6.84 5.06 7.10 6.43 6.44 23.68 
Spring OSR mean 17.53 9.57 7.85 9.69 8.79 7.61 33.96 
Swede Best of All 52.75 11.94 10.01 6.54 4.46 3.54 31.12 
Swede Drummonds PT 17.51 7.33 7.80 6.23 4.98 4.56 37.15 
Swede Jaune 19.58 7.77 8.12 9.27 5.32 3.70 33.16 
Swede Petranova 18.19 8.95 7.56 6.82 5.35 4.47 32.57 
Swede Turnip Hybrid 31.36 15.15 12.37 14.33 11.31 8.31 35.89 
Swede Vige DH1 NA 12.10 15.40 9.64 7.73 5.21 29.66 
Swede mean 27.88 10.54 10.21 8.81 6.52 4.96 33.26 
Winter OSR Canberra 13.89 9.21 6.21 8.19 6.27 5.41 34.55 
Winter OSR Darmor 13.19 11.22 6.23 9.74 5.25 3.82 33.12 
Winter OSR English Giant DH1 16.06 8.81 7.90 11.92 10.97 8.90 52.76 
Winter OSR FD502 15.29 9.61 4.86 7.01 5.16 5.27 37.22 
Winter OSR Grizzly 17.17 10.28 8.50 12.46 8.69 7.98 40.11 
Winter OSR Lioness 15.17 7.96 6.52 9.74 6.95 4.82 30.91 
Winter OSR NK Bravour 9.99 8.66 5.63 6.30 3.85 3.64 30.63 
Winter OSR Ningyou 7 21.83 13.99 11.83 13.85 10.08 10.12 34.21 
Winter OSR PI271452 24.38 15.29 23.18 24.43 13.74 22.84 26.85 
Winter OSR PR45-D01 16.15 8.82 5.05 6.56 5.13 4.94 27.11 
Winter OSR Red Russian 19.17 9.25 7.84 6.79 6.94 7.07 37.88 
Winter OSR Royal 14.59 8.30 6.45 15.02 11.46 8.46 32.16 
Winter OSR Sun 18.58 10.14 8.04 10.73 5.53 4.10 32.30 
Winter OSR TN145 16.07 8.58 6.80 9.21 7.86 7.98 41.05 
Winter OSR TN172 20.09 13.31 10.48 19.76 14.37 10.13 38.44 
Winter OSR Tapidor ADAS 16.48 13.34 9.33 13.54 10.90 8.90 32.88 
Winter OSR Tapidor DH 23.21 16.74 14.82 20.19 15.95 13.77 48.51 
Winter OSR Temple 14.43 7.17 5.44 6.54 4.31 2.85 25.80 
Winter OSR Winner 10.88 7.66 5.00 8.00 3.96 3.65 26.73 
Winter OSR mean 16.66 10.44 8.43 11.58 8.28 7.61 34.90 
Overall mean 18.75 10.31 8.69 10.71 8.02 7.08 34.42 
 
  
PhD THESIS                                                                                                                               Appendices    
274 
 
Appendix 8 Analysis of variance of all mineral elements at two growth stages 
Tables 1, ANOVA tables for six macronutrients (P, K, Mg, Ca, S, and Na) 
and five micronutrients (B, Cu, Fe, Mn and Zn) with proportion of 
partial and total variance reported as ω²p and ω², respectively. The 
colon represents interaction between treatment factors. 
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Appendix 9 Mineral nutrient concentration between two growth stages 
Figure 1, Mg concentration across seven tissues between two growth 
stages (GS 6.2/6.3 and harvest) among 14 Brassica napus 
genotypes. Data are genotype mean ± SEM (n=3 and n=5 at GS 
6.2/6.3 and harvest, respectively). 
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Appendix 9 
Figure 2, S concentration across seven tissues between two growth stages 
(GS 6.2/6.3 and harvest) among 14 Brassica napus genotypes. 
Data are genotype mean ± SEM (n=3 and n=5 at GS 6.2/6.3 and 
harvest, respectively). 
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Appendix 9 
Figure 3, Na concentration across seven tissues between two growth 
stages (GS 6.2/6.3 and harvest) among 14 Brassica napus 
genotypes. Data are genotype mean ± SEM (n=3 and n=5 at GS 
6.2/6.3 and harvest, respectively). 
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Appendix 9 
Figure 4, Cu concentration across seven tissues between two growth 
stages (GS 6.2/6.3 and harvest) among 14 Brassica napus 
genotypes. Data are genotype mean ± SEM (n=3 and n=5 at GS 
6.2/6.3 and harvest, respectively). 
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Appendix 9 
Figure 5, Fe concentration across seven tissues between two growth 
stages (GS 6.2/6.3 and harvest) among 14 Brassica napus 
genotypes. Data are genotype mean ± SEM (n=3 and n=5 at GS 
6.2/6.3 and harvest, respectively). 
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Appendix 9 
Figure 6, Zn concentration across seven tissues between two growth 
stages (GS 6.2/6.3 and harvest) among 14 Brassica napus 
genotypes. Data are genotype mean ± SEM (n=3 and n=5 at GS 
6.2/6.3 and harvest, respectively). 
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